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Abstract
New materials can be fabricated using small scaled building blocks as a repeti-
tion unit. Nanoparticles with their unique size-tuneable properties from quantum
confinement can especially be utilised to form two- and three-dimensional ordered
assemblies to introduce them into what would normally be considered to be incom-
patible matrices. Furthermore, new collective properties that derive from the or-
dered arrangement of the building blocks,are accomplished. Additionally, different
materials can be combined by mixing different building blocks during self-assembly,
so that size ranges and material combinations that are difficult to achieve by other
means can be formed.
The arrangement of small particles into highly ordered arrangements can be realised
via self-assembly. To achieve such assemblies, highly monodisperse nanoparticular
building blocks with a size distribution below 5% have to be synthesised. The
production and variation in the size of both lead chalcogenide and noble metal
nanoparticles is presented in this work. Moreover, the syntheses of multicompo-
nential nanoparticles (PbSe/PbS and Au/PbS) are investigated.
Non-classical crystallisation methodologies with their varyious self-assembly mech-
anisms are used for the formation of highly symmetrical mesocrystals and supra-
crystals. Analogous to classical crystallisation methods and their formation pro-
cesses the interparticle interactions, attractive as well as repulsive, determine the
resulting crystalline structure. Variation of the environmental parameters conse-
quently leads to structural variation due to the changing interparticle interactions.
In contrast to classical crystallisation the length scale of the interparticle forces
stays constant as the size dimension of the self-assembled building unit is changed.
Two different non-classical crystallisation pathways are investigated in this work.
One pathway focuses on the slow destabilisation of nanoparticles in organic media
iii
Abstract
by the addition of a non-solvent. In this approach optimisation of parameters for
the formation of highly symmetrical three-dimensional mesostructures are studied.
Furthermore, to shine some light onto the mechanism of self-assembly, the intrinsic
arrangement of the building units in a mesocrystal and the steps of non-solvent
addition are analysed. The mechanistic investigations explain the differences ob-
served in mesocrystal formation between metal and semiconductor nanoparticles.
The lower homogeneity of the building units of the metal nanoparticles leads to
smaller and less defined superstructures in comparison to semiconductor building
blocks.
Another pathway of non-classical crystallisation is the usage of electrostatic inter-
actions as the driving force for self-assembly and supracrystal formation. There-
fore, the building blocks are transferred into aqueous media and stabilised with
oppositely charged ligands. The well-know procedure for metal nanoparticles was
adapted for semiconductor materials. The lower stability of these nanoparticles
in aqueous solution induces an agglomeration of the semiconductor nanoparticles
without including oppositely charged metal nanoparticles. The destabilisation ef-
fect can be increased by the addition of equally charged metal nanoparticles in a
salting out type process.
In comparison to the slow formation of mesocrystals achieved via destabilisation
in an organic media (up to 4 weeks), the salting out procedure takes place within
two hours, but the faster agglomeration causes a less well defined assembly of the
building units in the mesocrystals.
Moreover, the arrangement of semiconductor nanoparticles with organic molecules
such as polymers and proteins was investigated in order to use the nanoparticles
as a light harvesting component. In combination with the directly bound polymer
the charge carrier may be directly transferred to the conductive thiophene-based
polymer, so that infrared light can be transformed into an electrical signal for
use in further applications such as solar cells. The advantage of the nanoparticle-
protein system is the self-assembly across a liquid-liquid interface and additionally
a Förster resonance energy transfer can occur at this phase boundary. Hence, it is
possible to transfer highly energetic photons directly to biological samples without
destroying the biological material.
iv
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1. Introduction
Crystals have fascinated humankind for centuries because they are beautiful objects
and highly aesthetic due to their highly symmetric geometrical shapes. Addition-
ally, crystallisation processes are intimately connected with new technologies and
engineering progress.
Already in prehistoric times, the crystallisation of salt by evaporating seawater was
used and is an example of one of the oldest traceable technical methods of material
transformation in addition to sintering earthenware. The nomenclature “crystal”
and “crystallisation” derive from the ancient Greek word krustallos, which means
ice, iciness and frost, and the term were also commonly used to denote symmetrical,
bright and often transparent materials like quartz or glass.
Written documents such as the “Naturalis historia” from Plinius, wherein he men-
tioned the crystallisation of different salts and vitriols, stretch back to the roman
era. In the 12th and 13th century, the alchemists used recrystallisation for purifica-
tion of substances and to increase their quality. Until the end of the middle ages
progress in technology also promoted the various techniques of material production
and transformation such as distillation and sublimation in addition to crystallisa-
tion. In the 16th century the term crystal, as used by Homer, was adapted from
Birringuccio and the Saxonian scientist Agricola in the publication “De re metal-
lica” instead of the terms condensation and coagulation.
Boyle observed the first principles of crystal growth in 1666 and it was at this point
that experiments and studies were intensively started to explain crystal formation.
Often research was restricted by the resolution of the technical equipment, which
slowed down the progress made in this field.
Nowadays, various techniques for the production of different crystalline materials
are well known and optimised and they can be used to produce e.g. diamonds
for industrial applications or single-crystal materials such as silicon for microelec-
tronics. Nevertheless, after 200 years of systematic scientific work, the knowledge
concerning crystallisation and the processes that take place is rather restricted and
1
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many aspects need to be investigated further.
In addition to classical crystallisation, as the above described methods are classified
as, a new pathway of crystallisation was discovered where analogous to atoms
and ions small building units like nanoparticles are arranged similarly to classical
crystals. The arrangement of the building blocks is also symmetrical and ordered
and the new class of materials are called Mesocrystals with the formation process
being described as non-classical crystallisation.
This work is focused on mechanistic investigations of the non-classical crystallisa-
tion of lead chalcogenide nanoparticles and noble metal nanoparticles using differ-
ent methods of non-classical crystallisation to produce highly symmetrical meso-
crystals. Therefore, the main principles of classical crystallisation are first intro-
duced before the different pathways of non-classical crystallisation are presented.
Thereby, the similarities and contrasts of different crystal forming procedures are
revealed. The analogy of the classical and non-classical crystallisation processes is
presented and the attractive and repulsive interactions in such systems and their
different influences with respect to the length scales involved in crystallisation is
reported. Additionally the unique properties and further applications of highly in-
teresting materials that combine nanoparticular properties (quantum confinement)
and collective properties that derive from the ordered arrangement are presented.
The second part of the work deals with the synthesis and characterisation of the
initial building blocks. Optimisation of the synthesis procedures and new pathways
for the production of core-shell materials is reported as is the classical hot-injection
method for the production of quasi-spherical semiconductor nanoparticles. Highly
monodisperse noble metal nanoparticles are additionally produced in organic media
with possible ligand exchange for phase transfer to aqueous media. Monodisper-
sity is defined in this work as narrow size distribution with σ below 5%. For later
self-assembly into mesocrystaline materials the surface modification of the single
nanoparticles is important and will be determined with different characterisation
techniques. The stabilising effects of the ligand shell are investigated during ther-
mal treatment to more fully understand the stability of the ligand shell on top of
the nanoparticles during the destabilisation process so that the ligand shell can
protect the nanoparticles from fusion during mesocrystal formation.
The third chapter deals with the mesocrystal formation of semiconductor and no-
ble metal mesocrystals using the gas phase diffusion technique with the effects of
varying parameters such as temperature, solvent/non-solvent combination and con-
2
centration being described. Additionally the formation mechanism at work during
the self-assembly process is investigated and the resulting mesocrystaline materials
and their nanoparticular internal arrangement are determined. Differences in the
size and shape of the semiconductor and metal mesocrystals are studied as are the
destabilisation process starting with the equation of the building blocks, and the
two dimensional and three-dimensional arrangements are compared. Furthermore,
results from the modification of the prepared mesocrystals focusing on attaining
higher electrical conductivity for further applications are presented.
Besides the non-classical crystallisation in organic media, the electrostatic self-
assembly of oppositely charged nanoparticles in aqueous solution is focused on in
the next chapter. The so-called supracrystals are produced analogously to ion
based classical crystals via electrostatic interactions. Thus, the combination of
different nanoparticle species forming one crystal should be driven by the presence
of charge. Structural analysis of the supracrystals and mechanistic investigations
of the formation are presented.
The last section of this work deals with more flexible and dynamic systems where
the semiconductor nanoparticles act as a light harvesting system and transfer their
energy to polymers or biological proteins. Therefore, the nanoparticles have to be
located near the energy adapting molecules, which is, in the case of the polymer,
realized by direct binding after ligand exchange and in the case of the biological
protein over a phase boundary mediated with additional surface-active protein.
With this principle, the first Förster resonance energy transfer over a liquid-liquid
phase boundary is reported.
3
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In this section, the theoretical background to classical and non-classical crystallisa-
tion is presented via a description of the variety of crystal growth and by presenting
the current state of the art in self-assembly research. Thereby, the similarities and
contrasts of different crystal forming procedures are revealed. The attractive and
repulsive interactions present in such systems and their different influences with
respect to the length scales of crystallisation are reported. Additionally, the pa-
rameters that influence structure and crystal growth and the various strategies of
non-classical crystallisation are presented. Nanoparticles as building blocks, just
like atoms or ions, can be arranged into close packed lattices where the result-
ing structure exhibits single crystal behaviour and unit cell parameters as may be
observed within classical crystallisation. The analogy of the resulting structures
is examined and the differences of these crystal structures during agglomeration
are presented. Moreover, the potential of the new functional materials possess-
ing nanoparticular properties and additionally a crystal structure are shown. New
properties of nanoparticular solids and the corresponding possible applications are
studied.
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2.1. Preface
Crystallisation and crystalline materials play an important role in the areas of
science and technology primarily because the inner structure of a material directly
influences its properties. A well-known example is of course the different allotropes
of carbon. In its diamond modification carbon is a transparent, hard material that
does not possess electrical conductivity while in its graphite modification it is
black, shows isotropic mechanical behaviour and is conductive within the plane of
its covalent bonds.
The differences in the properties of a material brought about by the different ori-
entational arrangement of its component parts is extremely interesting and the
controlled fabrication of one modification over another is clearly necessary for ap-
plications, as the device function and efficiency are usually based on the properties
specific to a particular material modification. This is however but one reason as to
why researchers are interested in gaining an understanding of the processes involved
in classical crystallisation. Already by the 18th century scientists had learned to use
crystallisation for purification and/or isolation of substances and thus as a means
to gain access to compounds of high purity. Later the mechanism of single atoms,
ions or molecules, which attach to crystalline surfaces during crystallisation, was
investigated. In comparison to the model of agglomeration, the processes that
work during “real” crystallisation are more complex, and up to now it has proven
challenging for researchers to model accurately the theoretical pathways involved
and to forecast the results of crystallisation.
In the last decades additional interest has been paid to nanoparticulate materials
and their arrangement in solids, as nanoparticles provide an additional class of
“building block” that can be designed so as to possess new and tuneable proper-
ties caused by the quantum confinement of the electronic wave functions. In bio-
mineralisation, pathways which involve non-classical crystallisation were discovered
to exist and intermediates with highly oriented and symmetrically arranged build-
ing blocks in the nanometer region were established as being present, which later
fuse to form iso-oriented or single crystalline materials. This has subsequently been
further developed to encompass the principles of non-classical crystallisation, which
embraces new classes of materials such as iso-oriented materials or mesocrystals,
which is the highly ordered arrangement of the individual building blocks into a
three-dimensional superstructure. Additionally, these materials can be modified
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and their properties tuned and as such are of great interest for many applications.
To create, modify and optimise materials using methodologies involving non-
classical crystallisation first the dominant formation mechanisms need to be iden-
tified. One route of particular interest is to mimic the processes involved in
bio-mineralisation and superimpose upon their formation nanoparticular building
blocks whilst maintaining the coincident arrangement of the building units. The
routes that are presented in this chapter are based on first separately producing
metal and semiconductor nanoparticles and then their subsequent arrangement
into highly ordered superstructures. The pathways of oriented attachment and
mesocrystal formation are presented focusing primarily on the advantages of their
synthetic fabrication without however going into the details of the mimicry of bio-
mineralisation. The various nanoparticular interactions and their role in providing
the driving forces for arrangement are illuminated and are placed in context with
respect to the different destabilisation methods. First the basic ideas behind classi-
cal crystallisation and crystal formation principles are introduced and then oriented
attachment and mesocrystal formation is discussed. In a later section the analogy
between classical and non-classical crystallisation methods is highlighted and ad-
ditionally the new properties, which are a combination of the properties of the
individual nanomaterials and the new collective properties brought about by their
assembly into quantum dot solids and their potential applications are presented.
2.2. Classical Crystal Growth
Before a description of some of the ideas connected with the process of non-classical
crystallisation, especially those of oriented attachment and mesocrystal formation,
is embarked upon it is perhaps useful to reintroduce a number of the basic mech-
anisms involved in the description of classical crystallisation. The main principle
underlying classical crystallisation is the ordered arrangement of material into a
more stable crystalline structure (Ostwald rule of stages).1,2 This may occur atom
by atom, molecule by molecule or, in the case of salts, by the arrangement of
ions via a precipitation reaction on an organic or inorganic nucleus and, in the
case of unstable or metastable phases, via reprecipitation. The thermodynamic
driving force for this process is solvent supersaturation, which is defined as the
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dimensionless ratio S (Equation 1):
S =
a
KSP
(1)
where S is the relative supersaturation, a represents the concentration or more
accurately the activity product of the individual components and KSP represents
the equilibrium solubility product.
2.2.1. Nucleation
As mentioned supersaturation plays a major role in the nucleation process. A
number of different methods exist for the generation of supersaturated solutions
such as influencing the solubility product by means of a temperature reduction or
by changes in pressure. Another possibility is to influence the concentration or
activity product by changing the pH value, adding a large amount of one of the
components or by reducing the solubility of the component(s) through the addition
of a non-solvent to the solution.3,4 During this process nuclei will be created first
before the particle growth begins. There are three different nucleation processes
that lead to crystal growth: homogeneous nucleation, heterogeneous nucleation and
secondary nucleation. We will focus here solely on homogeneous nucleation, which
is the simplest case. From a thermodynamic viewpoint, supersaturation, which is
an energetically unstable state, is related to the change in chemical potential (∆µ)
as outlined by equation 2 and therefore related to the overall free energy change
involved:
∆µ = −kT lnS (2)
where k is the Boltzmann constant, T the temperature and S the supersaturation.
The change in the overall free energy during the nucleation process (Equation 3)
is the sum of the free energy due to the formation of new volume (∆GV ) and the
free energy which is required to create new surface (∆GS):
∆G = ∆GV + ∆GS = −
4
3
πr3pST∆µ+ 4πr
2σ (3)
In the above equation σ is the specific free interface, ps is the density of the solid
material and r is the radius of the nucleus. In Figure 2.1 the overall free energy dur-
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ing nucleation is shown and the profile of the function shows a positive maximum
which corresponds to the critical radius r∗ (Equation 4).
r∗ =
2
ps |∆µ|
(4)
Nuclei sizes with r > r∗ will further grow and form stable entities as they can
overcome the activation energy barrier at the critical radius. For a given super-
saturation (S), the critical radius can be calculated and with a higher degree of
supersaturation r∗ becomes smaller, as can be shown by combining equation 4 with
equation 2.
Figure 2.1.: Schematic diagram of the nucleation and growth process
showing the five stages and the dependence of the Gibbs free energy
(G) on the crystal size. Below a critical radius (r∗), a reversible pro-
cess occurs; for r > r∗ the process becomes irreversible.5
When the concentration of the growth species decreases below the level where
nucleation spontaneously takes place, the nucleation stops and only crystal growth
will appear, as is the case described by the LaMer model in Figure 2.2.6 If the
time taken for the spontaneous nucleation is very short and further nucleation
is inhibited, particle solutions with small size distributions can be produced, as
is often the case in colloidal synthesis. High monodispersity can be achieved in
this process through self-focusing of the colloidal size distribution. The smaller
particles grow more quickly than the larger ones due to the higher free energy
that acts as the driving force in the region of the critical size. Very monodisperse
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Figure 2.2.: LaMer and Dinegar’s model used to describe nucleation and nu-
cleus growth7
particle solutions can therefore be produced by quickly stopping the reaction.
For reactions with longer growth periods Ostwald ripening can occur as, due to the
decreasing supersaturation occurring in the reaction mixture, the critical radius
of the particles is constantly moving towards larger sizes, with the result that
stable particles move into the unstable regime and therefore again begin to dissolve.
Hence, the larger particles will further grow at the expense of smaller ones which
eventually leads to a broader, often bimodal, size distribution.
2.2.2. Crystal growth
For the purposes of this work, the working definition of crystals or crystalline mate-
rials as being solids with regularly arranged atoms, molecules or ions will be used.
It is of interest to note that the definition of a crystal previous to 1992 was that of a
three-dimensional periodically arranged material with the smallest structural unit
being the unit cell. While this definition adequately describes single crystalline
materials, with the discovery of quasi crystals this definition was no longer deemed
to be of sufficient precision. Therefore, in 1992, the International Union of Crys-
tallography (IUCr) defined crystals with respect to their discrete diffraction order
i.e. over their long range arrangements and which therefore allowed the inclusion
of both polycrystalline materials and quasi crystals.
Single crystalline materials are seldom found in nature due to the inclusion of
impurities and grain boundary defects. Even under relatively stringent labora-
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Figure 2.3.: Schematic diagram of the substrate surface described by the
Kossel-Stranski “terrace-step-kink” model.9
tory conditions single crystalline materials are quiet difficult to produce and often
require a high technical outlay for their production.
The unit cell is the smallest repetition unit in a crystalline material and its structure
the symmetry of which strongly influences the morphology of the crystal and is
always a parallelepiped of precise size and defined angles. The resulting crystals
very often possess the habit of polyhedrons with smooth surfaces and fixed angles
which, due to the unit cell are constant for any one material. This is as a result
of the correspondence principle, where the lattice planes of the crystal are parallel
to the crystal surface. The morphology of the resultant crystal can be predicted
using Wulffs model, which was established at the beginning of the last century.8
Which crystal surface finally dominates depends on the relative rates of growth
of the different crystal facets. The more slowly growing facets will be present at
the end of the growth period, as the faster growing crystal facets, which have a
high surface energy, will have been eliminated. In addition, during crystallisation
the physical and chemical environment is important for the resulting habit of the
crystal. Different additives or physical parameters influence the rate of growth of
the single crystal facets and indirectly influence the morphology, a process known
as exomorphism. At the end of the crystallisation process, the single crystal facets
have the same vapour pressure and the resulting structure, which is then termed the
equilibrium form, is the form that shows the lowest surface energy in comparison
to equivalent crystals of the same volume. During the growth process atoms,
molecules or ions are arranged on the surface of the crystal structure and hence
the building blocks can attach to a number different positions on the crystal face.
As is described in the Kossel-Stranski model (see Figure 2.3) the building blocks
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arrange at a kink or on a step as these are energetically preferred10 and as a result,
the crystal facet will be assembled layer-by-layer resulting in the appearance of flat
crystal surfaces at the end of the process.
2.3. Non-classical Pathways
2.3.1. Main Principles
The concepts and ideas behind non-classical crystallisation are an attempt to de-
scribe an alternative notion of the formation of crystalline materials, according to
which the crystallisation does not undergo the classical pathway of nucleation and
crystal growth via atom, molecule or ion deposition, but follows a particle mediated
aggregation or self-assembly process.11
Both pathways start with particle formation induced via supersaturation which
results in the formation of the initial building blocks and hence the variety of
building blocks that may be present is quite large. Not only may crystalline build-
ing blocks be used for non-classical crystallisation, but so too can amorphous12–17
and liquid structures18–22. In the case of crystalline building blocks, the classical
growth mechanism can be interpreted as being due to the reaction species reaching
their equilibrium solubility23 or the temporary stabilisation of the nanoparticles
that have been created such that the classical pathway is inhibited. Different steps
within the non-classical crystallisation pathway have been identified and, as we
are still in the initial stages of our understanding of the processes involved in non-
classical crystallisation, it is quite likely that the list is not as yet complete. The
steps identified thus far include:
• the formation of primary building blocks such as intermediary clusters or, as
in the case of liquid precursors, phase separation
• the mesoscopic transformation of superstructures, which have formed from
amorphous building blocks
• the oriented attachment of nanoparticles
• the formation of three dimensional mesocrystals via the self-organization of
organic-inorganic nanoparticles
12
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(a) (b) (c)
Figure 2.4.: Schematic representation of both classical and non-classical
crystallisation. (a) Classical crystallisation pathway, (b) oriented
attachment of primary nanoparticles forming an iso-oriented crystal
upon fusion, (c) mesocrystal formation via self-assembly of primary
nanoparticles covered with organics.24
These four steps11 are illustrated in Figure 2.4 with the classical crystal growth
process presented by path (a) where primary nanoparticles when synthesised via
atom, molecule or ion precipitation grow to afford large single crystals. Path (b) de-
scribes the mechanism of oriented attachment where, following post-structuring on
the mesoscale, it is possible with mesoscopic transformation to generate single crys-
tals from iso-oriented crystals. For path (c) to occur it is necessary for temporary
stabilised building blocks to be present. These inorganic cores with their accompa-
nying organic ligand or stabiliser shell can be structured on the mesoscale in three
dimensions. After initial fusion, it is possible to generate iso-oriented crystals and
finally single crystals. The production of mesocrystals via non-classical crystallisa-
tion from a variety of different materials such as PbS25–27, CdS28, CdSe29,30, Au31,
Ag32, BaCO3
33,34, CaCO3
13,35–43, CoC2O4 · 2H2O44, CoPt345 and D,L-alanine12,46
has been observed and shows a high degree of ordering containing well aligned
nanoparticular units. Additionally, these materials have been observed to possess
scattering properties that are similar to single crystals.
Non-classical crystallisation occurs predominantly in biological systems where nu-
cleation and growth of the building blocks and their subsequent aggregation into
highly ordered and aligned structures can simultaneously take place. Hence, hybrid
materials with specific and distinct properties can be generated under ambient con-
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ditions. The definition of synthetically prepared mesocrystals not only includes a
high degree of ordering of the inorganic-organic hybrid material building blocks but
additionally, the alignment of the building blocks along a common crystallographic
axis.
In such cases, mesocrystals form a specific class of quantum dot solid in which there
is a growing appeal as the interesting properties derived from combining tailored
nanoparticular characteristics with properties which derive from the nanoparti-
cle arrangement may provide made-to-measure material solutions in a number of
important application fields. Tuneable properties such as photonic band gaps,
electronic and optical properties, and high surface area make these materials in-
teresting for applications as diverse as biomedicine, solar energy or energy storage,
optoelectronics and heterogeneous catalysis or photocatalysis.47
2.3.2. Oriented Attachment
Bottom-up approaches for nanoparticle synthesis are nowadays quiet common and
have gained in importance for both materials science research and applications.
Therefore the control of the morphology, particle size and size distribution of the
prepared colloidal solutions is of great consequence and, as these processes are
well described by the classical nucleation and crystal growth theory, theoretical
modelling of the crystal growth is possible. With increasing reaction time, the
size distribution of the colloidal solution becomes broadened in a process known as
Ostwald ripening.
Penn and Banfield have determined that not all growth processes present in na-
noparticular solutions can be described using this model.48–50 For example, TiO2
particles in hydrothermal synthesis grow together along a crystallographic fashion
and form one-dimensional arrangements, the as-synthesised nanoparticles working
in this case as building blocks. The driving force for this agglomeration, which
is nowadays called oriented attachment, is the reduction in the surface energy
achieved by fusion of the facets which possess the highest surface energy. For this
process two main principles are postulated (i) fusion can take place after the effec-
tive collision of oriented nanoparticles or (ii) coalescence can be induced by particle
rotation.51
For the first mechanism to occur, the colloidal solutions must be dispersed in order
for oriented attachment to be able to take place and high collision rates and free ro-
tation of the nanoparticles must occur. Colloidal solutions are normally kinetically
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stable with repulsive forces between the particles hindering agglomeration. Under
these conditions, the oriented attachment growth rate is related to the number of
effective collisions and to the minimisation in the number of high-energy facets via
the reduction of the surface energy.52,53 An effective collision is defined as a collision
that results in an irreversible oriented attachment. Therefore, the different orien-
tations of the nanoparticles during collision need to be aligned, in order for fusion
to a congruent two-dimensional structure at these interfaces to be possible.54–56
Collisions, where the orientation is not suitable for coalescence or which do not
lead to irreversible attachments are termed non-effective collisions.
Superstructures of different dimensionalities can be synthesised through oriented
attachment based on nanometer sized building units, which can be treated as zero-
dimensional entities, such as spheres, polyhedrons and cubic structures. Thereby,
one-dimensional wire or rod like structures, two-dimensional plates and also three-
dimensional self-assemblies can be formed via arrangement of the nanosised build-
ing blocks.57,58 One-dimensional structures are primarily generated through ori-
ented attachment based on collisions. Hence, interparticle interactions are possible
between 0D and 0D particles as are, in the case of the formation of 1D structures,
also interactions between 0D and 1D structures and 1D and 1D structures.11,59
These collision processes are statistical and as a consequence superstructures with
different growth directions can be observed.
The second pathway for oriented attachment to occur is not controlled via colli-
sions, but rather dominated by particle interactions in the short- and medium-
range. In this range, the attractive forces such as Van der Waals forces are
greater than the repulsive forces such as electrostatic interactions or steric hin-
dering. Normally these interaction conditions are observed in weakly flocculated
colloidal states. The rotational freedom of the single nanoparticles is important to
bring about the alignment of the nanoparticles along a crystallographic fashion.
The first step of this reaction path is the interaction of 0D and 0D primary struc-
tures to form 1D and 2D architectures. After this formation step, a second phase
occurs via the formation of 2D (from 1D structures) or 3D structures via self-
assembly of the 1D and 2D architectures. This hierarchical process can produce
mesocrystals in an intermediate state before mesoscopic transformation take place
and iso-oriented crystals are formed.60
The growth processes described above and the resulting morphologies of the super-
structures can be additionally influenced by the presence of organic additives. As is
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(a)
(b)
(c)
(d)
Figure 2.5.: Oriented attachment of octahedral PbSe nanoparticles into
1D structures. (a) Octahedral PbSe nanocrystals grown in the pres-
ence of HDA and oleic acid. (b) TEM and high-resolution TEM im-
ages of PbSe zigzag nanowires grown in the presence of HDA. (c)
HRTEM image of single- crystal helical PbSe nanowire grown in oleic
acid/HDA/trioctylamine mixture. (d) Helical nanowires formed upon
annealing of straight PbSe nanowires in the presence of trioctylamine.64
postulated in Wulffs facet theorem61, (i.e. at equilibrium the crystal structure with
the lowest surface energy by constant volume develops and as a result, the crystal
structure reflects the intrinsic symmetry of the lattice) most metals show cubic
crystal growth instead of rod like structures.62,63 As described above the growth
rate of the different facets can be altered by influencing the surface energy i.e. by
adding organic molecules, through which the crystal morphology can be indirectly
influenced. Another possibility by which the morphology can be influenced is by
using organic molecules as templates for 2 or 3-dimensional superstructures.
Cho et al.64 reported on nearly defect free PbSe nanowires through assisted as-
sembly using organic molecules. With different combinations of additives straight,
helical, branched, tapered and zigzag nanowires can be formed, (shown in Fig-
ure 2.5) as can nanorings. Not only was the oriented attachment influenced by
these organic molecules but the nanoparticle synthesis was also modified through
the addition of long-chained, aliphatic primary amines such as hexadecylamine,
dodecylamine and oleylamine and finally octahedrally shaped nanoparticles were
synthesised that contained solely {111} facets, see Figure 2.5a.
Using another method Kotov et al.65 have nicely shown the stepwise progress of
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the oriented attachment of CdTe nanoparticles to highly luminescent crystalline
nanowires. Washing steps induce destabilisation of the CdTe nanoparticles by first
removal of the stabilizing ligand molecules and subsequent one-dimensional ag-
glomeration. A strong dipole-dipole interaction is believed to be the main driving
force for the self-assembly. After arrangement into 1D structures a recrystalli-
sation process from the cubic zinc blend structure to the more stable hexagonal
wurtzite structure takes place. This phase transition does not greatly influence the
luminescent properties of the as-synthesised nanowires with only a small red shift
occurring due to a loss in confinement in the growth direction of the wires.
Not only is oriented attachment possible for semiconductor nanoparticles but it
can also be employed in the case of metallic nanoparticle systems. For example,
Ravishankar et al.66 have reported on the formation of ultrafine single-crystalline
gold nanowires by the controlled removal of primary capping ligands (oleylamine)
from the {111} facets using ascorbic acid which leads to the destabilisation and
resulting aggregation of the gold nanoparticles in one dimension. This method
works especially well for gold nanoparticles as the gold-amine binding energy varies
for the different facets. The resulting anisotropic structures show convex-concave
surfaces with differences in their chemical potential and which leads to a smoothing
of the surface along the wire.
The above-mentioned examples highlight only a small selection of the possibilities
of employing oriented attachment. In addition to oriented attachment processes
involving organic additives, oriented attachment without the help of so called as-
semblers is also possible. The oriented attachment mechanism is one of the more
important non-classical crystallisation pathways as it provides the ability to pro-
duce crystal architectures which cannot be produced via classical crystallisation
methods, opening a wide field of potential applications. Presently, we are far from
comprehensively understanding the growth processes and therefore lack the ability
to systematically influence them. That is indeed why additional experimental and
theoretical research is essential i.e. to shine more light onto these processes in order
to enable further design of new materials using this fascinating growth mechanism.
2.3.3. Mesocrystal formation
A second means of non-classical crystallisation is the formation of mesocrystals.
Mesocrystals are crystalline materials with crystal facets of some hundred nanome-
tres up to the micrometre size regime. The smallest building units are normally
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colloidal, crystalline nanoparticles with a core-shell structure, composed of an inor-
ganic core with an organic stabilizing shell. These building blocks are arranged in
a unit cell, which forms the entire mesocrystal via a translational shift and which
results in an inner crystalline structure analogous to that of single crystals. With
these nanoparticular superstructures single crystals can be formed during a fusion
process via the formation of an iso-oriented crystal to produce single crystals as
shown in Figure 2.4.67
With this distinctive architecture new material properties can be derived because,
as mentioned previously, the nanoscopic effects are still present within the indi-
vidual building blocks of the macroscopic mesocrystal as are new properties which
derive from the collective interactions of the building units. It is this combination
of properties that is of great interest for many applications, amongst which are
those based on photonic band gaps68 or tuned electronic and optical properties in
the case of semiconductor building blocks69.
Aggregates of particles have been observed since the first crystallisation experi-
ments, but normally they were not observed to display any homogeneous archi-
tecture or size and the main focus of the research in this period of time lay in
investigating various aspects of the classical pathway. In the last few decades how-
ever, partly due to the improved analysis methods, these particle agglomeration
processes have been more intensively examined. Amongst the first experiments on
mesocrystals without defined habit were undertaken by Matijevic et al. and were
concerned with various Ce(IV)-salts in a crystallisation study in the absence of
organic additives70, where it was observed that the elongated, and also plate-like
nanoparticles, orient themselves along one axis to form a one-dimensional super-
structure. Earlier, Pedres et al. investigated geometrically shaped mesocrystalline
BaSO4 architectures containing a porous inner structure, which would normally
be expected to exhibit growth according to classical crystallisation principles sim-
ilar to that of a single crystalline material. Studies on different materials such as
CuO71,72, CeO2
70, MgO73,74, Fe3O4
75 and Eu3O4
76,77 show the variety of possible
structures. In addition to the aforementioned materials, CaCO3 was also observed
to form mesocrystalline materials. This CaCO3 structure, which was synthesised
in silica gel and known as the “sheaf-of-wheat”, was described by Dominquez et
al.78 in which calcite rhombohedra orient along the c-axis. The complete structure
behaves as a single crystal under a polarisation microscope, which can be used to
visualise the perfect arrangement of the rhombohedra building units.
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Nevertheless, not only are one-dimensional arrangements and two-dimensional na-
noparticular arrays79–85 possible, but so too are three-dimensional mesocrystals.
Busch and Kniep demonstrated a nearly perfectly arranged 3D fluorapatite meso-
crystal, synthesised in gelatin.86–91 The resulting elongated hexagonal mesocrystals
showed typical single crystalline properties, which makes it difficult to determine
the arrangement of the building blocks. Only with perpendicular thin cuts could
the mesocrystalline structure be proven. The growth mechanism of these fluorap-
atite crystals was not influenced by the 2%wt. of intracrystal gelatin, which was
found between the building blocks.
The particular growth mechanism for these kinds of arrangements has not presently
been fully elucidated. However, the growth of mesocrystals in gels seems to be
appropriate, as in gels the local supersaturation is very high92, which leads to
the formation of the primary building blocks. The high viscosity present in these
media slows down mass transport processes such as convection and other processes
that influence crystallisation and thus promotes the undisturbed orientation of the
building blocks along their preferred interaction direction to obtain an energy-
minimised structure.
Formation methods
Beside the synthesis of mesocrystals in gels,43,91 there are a variety of alternative
methods to bring about the ordering of organic ligand shell containing spherical
nanoparticles, especially with respect to metal and semiconductor building blocks.
The obvious starting point for these methods is the correct synthetic protocol to
provide the required nanoparticles in sufficient quantity and monodispersity and
in a solvent environment which can subsequently be used to bring about their
controlled arrangement on the mesoscale.
Murray et al. have shown that with their layering technique the gentle destabili-
sation of nanoparticle solutions by a slow diffusion of non-solvent into the solution
leads to 3D crystalline structures.3,69 During destabilisation, the solution is kept in
the dark and left until precipitation is complete thus ensuring that intermixing of
the phases and convection effects are minimised, a process which is analogous to the
use of gels as solvent. The solvent/non-solvent pair, the polarity of the non-solvent
and the temperature are amongst the more important factors that influence the
destabilisation rate. A modification to the technique employed by Talapin et al.
introduces a buffer-layer, which is normally a weaker acting non-solvent than the
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non-solvent layer above, between the solvent and non-solvent.30 The buffer-layer
acts to slow down the destabilisation rate, due to the fact that the time taken for
the first agglomeration of nanoparticles to occur is protracted, which results in
better quality mesocrystals with respect to their size and their higher symmetry.
In a step taken towards the optimisation of the gentle destabilisation method a re-
cent additional study, in which it was shown that a capillary microfluidic platform,
where the destabilisation via non-solvent forms nanoliter microfluidic plugs, can be
used for the self-assembly of inorganic nanoparticles into 3D superstructures and
where additionally the growth kinetics could be studied, should be mentioned.93
It is not always necessary to destabilise the nanoparticles using a non-solvent in
order to arrange them into ordered crystalline materials. Zheng et al. have used
the inherently low stability of the nanoparticles in their reaction solution after the
synthesis.94 In this study the nanoparticles were kept in the reaction flask without
the application of the clean-up procedure and the low solubility at reduced tem-
perature lead to agglomeration and growth of the first nanoparticle arrangements
over two days. A further method based on supersaturation methods is the slow and
controlled evaporation of the solvent. Normally this method is quiet common for
the preparation of 2D structures24,83,95–99, but a number of examples exist where it
has been employed to form 3D architectures100–102.
To create oriented and ordered architectures, electrostatic interactions can also be
used as has been shown by Grzybowski et al.103–107 In these studies oppositely
charged nanoparticles were slowly destabilised via solvent evaporation. At first
an equal amount of oppositely charged nanoparticles is established by titration of
the nanoparticles of interest. Then a number of cleaning procedures follow and
the precipitate is dissolved in a mixture of solvent and non-solvent. During the
slow evaporation of the lower boiling solvent, destabilisation of the nanoparticles is
initiated and the structural arrangement is driven by the oppositely charged ligand
shell of the nanoparticles. In this destabilisation method nanoparticles made of
different materials can be arranged into macroscopic mesocrystals or, as they have
been called in this case, supracrystals. This method has so far only been reported
in aqueous solution as it is based on charge pairing and is therefore limited to polar
solvents as otherwise the surface charge on the ligands will be lost.
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(a) (c)(b)
Figure 2.6.: Three principal possibilities to explain the three-dimensional
mutual alignment of nanoparticles into mesocrystal (a)
nanoparticle alignment by physical fields or mutual alignment of iden-
tical crystal faces; (b) epitaxial growth of nanoparticle employing a
mineral bridge connecting the two nanoparticles; and (c) nanoparticle
alignment by spatial constrains, i.e. an entropy-driven mechanism.11
Interparticle interactions
The methods thus far mentioned are based on the slow destabilisation of nanopar-
ticles in order to provide sufficient time for the building blocks to arrange. If the
agglomeration occurs too quickly the resulting structures are usually not highly
ordered but often non-ordered or porous. The particle arrangement during slow
precipitation primarily takes place through interparticle interactions. As reported
by Cölfen et al., there are different possible mechanisms for mesocrystal formation.
First, processes may be classified as to whether they are dynamic or static, with
the above mentioned methods all falling under the heading of dynamic processes.
During a static process, an organic matrix determines the outer shape of the me-
socrystal formed and the building blocks assemble along the structures present. In
dynamic pathways, which are more prevalent, the building blocks assemble freely
into three-dimensional mesocrystals and, as is shown in Figure 2.6, three different
main pathways can be used to describe their formation.
The first route is based on vectored physical interactions such as electrostatics and
investigated by Grzybowski et al.108 Other forces such as Van der Waals inter-
actions, magnetic interactions, entropic effects, attractive depletion forces, dipole
interactions and a host of others can also influence the resulting structures dur-
ing the agglomeration of the building blocks. The second mechanism is based on
the three-dimensional arrangement through the formation of interparticle mineral
bridges. These bridges occur after the classical crystallisation of the nanoparticles
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has stopped thereby allowing the temporary stabilisation in the form of ligand mo-
lecules to take place. Mineral bridges can then grow on defects in the ligand shell.
A new nanoparticle can grow on the newly induced surface, up to the point of
complete stabilisation and resulting equilibrium. The growth mechanism between
nanoparticle formation and defect induced mineral bridge growth varies.109–112 The
third pathway only occurs in the case of anisotropic building blocks and is based
on the Onsager-theory of lyotropic liquids, where entropic forces result in ordered
arrangements.
To understand the arrangement of nanoparticles with respect to the above men-
tioned preparation techniques, it is necessary to focus on the physical interparticle
interactions as it is these that are important for the first pathway. Therefore, the
different length scales and magnitudes of the interparticle forces will now be the
main focus of the discussion before further examining the specific types of inter-
particle interactions.
The Lennard-Jones potential function is the predominant model used in predicting
the interactions between atoms and small molecules, where the attractive interac-
tions such as Van der Waals act to counter the repulsive interactions which are
mostly electrostatic in nature. The length scales of the attractive and repulsive
forces are of the same magnitude as the atomic, molecular or ionic building units
to be used in the assembly. If we consider nanoparticular building blocks, this con-
dition is no longer valid as while the length scales over which the interactions are
effective remains constant the size of the building blocks has drastically increased.
In principle, it would be possible to calculate the potential over all constituent
atoms of the nanoparticle and their interactions with other nanoparticles, but this
would be costly and likely to contain many errors because of the necessary over-
simplification of the interactions or in the estimation of their numerical values.108
The varying ratio of the length scales of the interactions with respect to the par-
ticle sizes plays an important role during self-assembly. To influence self-assembly,
the attractive forces need to be strong enough to overcome the entropic effects
such as the loss of translational and rotational movement of the building blocks.
Initially, the attractive interactions induce cluster formation and the early stage of
this aggregation can be described within the equilibrium theory of physical clus-
ters,113 where the average numbers of n-sized clusters can be estimated. Additional
agglomeration then follows, so that mesocrystals are formed. The agglomeration
is an interplay between the length scale and the magnitude of all of the interac-
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tions involved. On the one hand short range interactions of high magnitude induce
self-assembly whilst on the other long range interactions of small magnitude re-
sult in ordered arrangements. Exceeding a value of magnitude and interaction
length within this ideal range results in the particle agglomeration occurring too
quickly and consequently only non-ordered structures or those with short range
order precipitate.108 This interplay of the length scale and the magnitude leads to
the different destabilisation methods as have been presented above and the differ-
ent interaction potentials lead to different equilibrium morphologies and structures
of the resulting colloidal mesocrystals.
Now the most commonly observed interaction occurring between matter, namely
the Van der Waals (VdW) interactions will be focused on. These non-covalent
interactions are based on the electromagnetic variation within molecules or bulk
materials. Normally, the VdW interactions are attractive and their magnitude
can range from being quite small up to hundreds of kT , with the magnitude of
their interaction decreasing as a function of the sixth power of their separation.
Generally three different types of VdW interactions are distinguished:
• Keesom interactions (dipole - dipole interaction)
• Debye interactions (dipole - induced dipole interaction)
• London dispersion interactions (induced dipole - induced dipole interaction)
The VdW interactions are always present between materials and molecules and can
lead to unintentional agglomeration between nanoparticles, which is why normally
charges or ligands, which are employed to sterically stabilise the nanoparticular
building blocks, are required. By contrast, this phenomenon can also be used for
the controlled assembly of the nanoparticular units, as described in the works of
Murray et al.69 where fcc packed 50 µm large superlattices composed of 2 nm
sized CdSe nanoparticles are formed mainly by VdW interactions. Talapin et
al.99 have demonstrated that the dipole-dipole interactions influence the ordering
of the nanoparticles and it was revealed that while antiferroelectric arrangements
of dipoles is unusual for bulk materials, this type of arrangement can be found
in the case of nanoparticular superlattices as is shown in Figure 2.7. Goubet et
al.114 have also investigated Au nanoparticles that arrange with the help of VdW
interactions during solvent evaporation and have found that these are not the sole
interactions that influence the agglomeration process. Besides the VdW forces
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(a) (c)(b)
(d) (f)(e)
Figure 2.7.: Dipole ordering in nanoparticle superlattices. Top view ([0001]
plane) of (a) horizontal antiferroelectric ordering in fcc, (b) horizontal
antiferroelectric ordering in hcp, and (c) vertical antiferroelectric or-
dering in sh lattices. Panels (d), (e), and (f) show side views ([1h2 h]
plane) of fcc, hcp, and sh structures, correspondingly.99
electrostatic forces and ligand-solvent interactions also control the assembly and
resulting morphology.
In addition to the VdW interactions, the sum of which is normally attractive, elec-
trostatic interactions, which provide attractive forces between oppositely charged
building units and repulsive between like-charged nanoparticles, are also present.
The intensity of these interactions during the self-assembly can be influenced by
the concentration of nanoparticles in the solution, their charge and also by the
dielectric constant of the solvent. Grzybowsi et al.103–107 have investigated this
in a number of self-assembly experiments involving gold and silver nanoparticles
with oppositely charged ligands. In these experiments Au and Ag nanoparticles of
the same size were modified by ligand exchange with 11-mercaptoundecanoic acid
(MUA) and N,N,N-Trimethyl(11-mercaptoundecyl) ammonium chloride (TMA).
After titration to achieve a 1:1 ratio, the nanoparticles were redissolved in a mix-
ture of distilled water and a nonpolar non-solvent (DMSO). During heating of
this mixed nanoparticle solution at 70◦C over 12 h the water evaporates and the
nanoparticles slowly precipitate, so that the dielectric constant (ε) of the mixed
solution changes. As is presented in equation 5, when the water, which has a rel-
ative dielectric constant of 78, evaporates in the mixture the dielectric constant
slowly changes to that of DMSO, which is 65 at 25◦C. Hence, the charge screening
is reduced and slow agglomeration starts until the point of complete precipitation
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is reached.
F =
1
4πε
· q1q2
r2
(5)
During their investigations they have also focused on the length scale of the elec-
trostatic interactions. The synthesised mesocrystals crystallise in a diamond like
lattice, i.e. every nanoparticle is surrounded by 4 nearest neighbours. This rela-
tively inefficient close packing is as a result of short range interactions; the screening
length κ−1C calculated using Deryagin-Landau-Verwey-Overbeek (DLVO) theory is
≈2.7 nm. Additionally, they observed that screening helps the ordered assembly
during destabilisation because in polydisperse samples smaller particles can sta-
bilise those which are larger so that the long range interactions between them are
reduced to the point where flocculation no longer takes place. Too high a polydis-
persity leads to the complete stabilisation of the solution without self-assembly as
is shown in Figure 2.8.
In addition, external fields such as electrostatic and magnetic fields can also in-
duce self-assembly as polarisation forces and permanent dipole moments can orient
within such fields. Normally anisotropic nanoparticles arrange along these exter-
nal fields and form 1D and 2D structures and have even been observed to form
3D structured films.115–117 The same 1D118–121, 2D122,123 and 3D124,125 structured
superlattices are also observed by applying magnetic fields. In addition to the one-
dimensional wires, chains of rings can also be formed. However, as no symmetrical
three-dimensional nanoparticle arrangements have so far been reported to form in
such cases this assembly method will not be focused upon further.
While the hard sphere model is used to describe the effects of Van der Waals, elec-
trostatic, magnetic and dipole interactions within systems composed of nanopar-
ticles, they are better described as core shell systems consisting of a nearly hard
inorganic core surrounded by an organic ligand shell. Interactions involving the lig-
and shell differ from those entailing core-core interactions. Usually, the ligands are
organic molecules with different functionalities which can interact with the neigh-
bouring molecules on the same nanoparticle, with molecules on adjacent nanopar-
ticles and/or with solvent molecules. Generally, these interactions are short range,
being on the length scale of Angstroms or nanometres, such as covalent bonds,
dipole interactions, donor-acceptor interactions and hydrogen bonds to name but
a few. These interactions, when separately considered, are weak interactions but
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(a)
(b)
A
C
Figure 2.8.: Electrostatic interactions as driving force for crystallisa-
tion. (a) Effect of NP polydispersity on the quality of crystals. Graphs
(i) to (iii) give normalised size distributions of the metallic cores of op-
positely charged NPs used in crystallisation experiments; typical out-
comes of these experiments are illustrated by SEM or TEM images
shown in the bottom row (scale bars 200 nm). (b) Effect of small par-
ticles on the stability of the dispersed, large NPs. In the absence of
small particles (1), large NPs of opposite charges interact by relatively
strong electrostatic forces resulting in high chemical potential and the
NPs instantly flocculate to form amorphous aggregates (A). Small NPs
of one type surround large NPs of the opposite charge and effectively
screen electrostatic interactions between them (2) so that slow and or-
dered nucleation takes place. If small NPs of both types are present in
the suspension (3), all large NPs are screened and interact very weakly
remaining stable solutions.103
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their summation over all nanoparticles results in them having a relatively strong
effect. As previously described, the solvent influences the magnitude of the interac-
tions, e.g. the dipole-dipole interaction of cis-azobenzene in toluene is εdd ≈ 2.7kT
but in water it is εdd ≈ 0.08kT , which is as a result of more effective screening
due to the higher dielectric constant of water. Hence the molecular dipole interac-
tions of cis-azobenzene in water are too weak to cause significant interaction and
therefore charges (not dipoles) are required to induce significant electrostatic inter-
actions.108 In some cases, these interactions can induce temporary assembly on the
mesoscale through changes in environmental conditions or may lead to redissolu-
tion of the nanoparticular units. In contrast to the non-directed dipole interactions,
donor-acceptor interactions are more specific and hence it is possible to interlink
nanoparticles using DNA or other donor-acceptor pairs.126–129 Hydrogen bonding
is also well documented as being able to provide interactions between ligand mo-
lecules and which are stronger in aprotic solvents.130 In all the above methods the
interactions between the ligand molecules play an important role and consequently
can influence the mesocrystal morphology. Observations concerning the degree of
flexibility of the ligands suggest that stiffness within the ligands may also be im-
portant for the formation of ordered and/or non-ordered assemblies induced via
varying the temperature.131
Not only can attractive and repulsive interactions influence mesocrystal formation,
but so too can entropic effects. These so called depletion forces and confinement ef-
fects (not to be confused with the quantum confinement effects that may be present
in the individual building blocks) can be either repulsive or attractive. The repul-
sive forces, which are due to the presence of the ligand shell, are primarily due
to steric interactions and act to hinder the particles from coming together and
therefore prevent their self-assembly.132,133 These repulsion forces depend on the
length and the amount of ligand present at the nanoparticle surface. Attractive
entropic interactions result due to the depletion force. Here, hard spheres come
together because smaller hard spheres, ligand molecules or solvent molecules are
present in the solution, and hence assembly by the bigger nanoparticles is entrop-
ically preferred. The force active in keeping the particles together is the osmotic
pressure, which acts to push the particles together due to the excluded molecules
in between them. This excluded volume or gained volume depends on the size of
the depletant.134,135
As can be seen the variety of particle interactions that may be present in such
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systems is large and consequently nearly every interaction leads to new possible
mechanistic pathways in the formation of mesocrystals. Also this variety adds a
further layer of complexity in trying to understand the formation processes be-
cause the self-assembly process always results from interplay between the different
attractive and repulsive forces. Some methods such as that of Grzybowski et al.
are focused on using electrostatic interactions, others such as those of Talapin
and Pileni use Van der Waals interactions as well as entropic and ligand inter-
actions. The optimisation of the methods employed depends on the combination
of nanoparticles, ligand shell, solvent and physical environmental influences such
as pressure, temperature and ionic strength of the solvent amongst others. This
makes it quite challenging to reproducibly synthesise mesocrystalline materials and
a large variation in morphology is present even within the same synthetic batch.
Analogy to Atoms
The analogy of forming a classical crystal from its atomic or molecular compo-
nents to that of the formation of mesocrystals due to the agglomeration of single
nanoparticles into a macroscopic structure is obvious. Despite the fact that the
driving forces and the interactions present during the assembly process are some-
what different the resulting structures are nevertheless very similar, as also is the
observed growth mechanism. In classical crystallisation the first phase in mesocrys-
tal formation is agglomeration caused by supersaturation, with the nanoparticles
being destabilised by the addition of non-solvents or the evaporation of solvent.
Bodnarchuk et al.93 have observed the in-situ crystal growth process of CdSe, PbS,
Au and CoFe2O4 mesocrystals within a nanoliter microfluidic plug. The nanopar-
ticles are dissolved in an ethanol/toluene droplet and over the time of the toluene
evaporation the nanoparticle solution is stable. Only when the nucleation threshold
is reached is crystalline material achieved. After this first agglomeration the growth
process of these crystals goes on until the solution is completely clear and colour-
less and as a result mesocrystals were produced that can have different crystalline
structures and morphologies. Goubet and Pileni136 as well as Kalsin et al.103 have
demonstrated the analogy between the morphology that results from mesocrystals
composed of nanoparticles and that of classical crystals. The mesocrystals show
the same crystal facets and angles as the components of classical crystals in the
same crystal lattice. Also twinning effects, which occur in classical crystallisation
are also found during the self-assembly of mesocrystals. Rupich et al.26 describe
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the dependence of twinning with respect to the particle size of the constituent PbS
nanoparticles and have calculated that with increasing size the twinning becomes
more favourable. PbS nanoparticles with a size below 4 nm do not exhibit twin-
ning in the resulting structure. However, by contrast, PbS particles larger than 7
nm in size form multiply twinned face-centred cubic superlattices with decahedral
and icosahedral symmetry, exhibiting crystallographically forbidden five-fold sym-
metry elements. They have also reported that the interparticle potential during
agglomeration becomes “softer”, which also causes the higher degree of twinning.
Nanoparticle arrangements in colloidal crystals suggest that the principle of max-
imum space filling is in operation, so that in many experiments an optimised
nanoparticle arrangement is observed.137–142 Experimental data using octahedrally
shaped nanoparticles allows the formation of particle arrays, which depend on
the composition of the organic ligand shell.112,137–141,143,144 Four phenomenological
models for this observation are proposed:
• anisotropic nanocrystals without or with just a small ligand shell
• hard spheres with small organic shell as compared to the core size
• hard spheres with large organic shell as compared to the core size
• small hard spheres with a very large organic shell, which is deformable and
soft25
The nanoparticle arrangement between the different models differs and for the na-
nocrystals without or with a small ligand shell a bcc arrangement is preferred.141,145
By increasing the coverage of the nanoparticle surface with organic ligand molecu-
les the form of the nanoparticles is smoothened, so that defects in the orientation
inside of the super lattice occur. This smoothened surface acts so as to change the
packaging from bcc to fcc.137–139 If small inorganic cores are covered with a thick
shell of organics the orientational ordering becomes almost completely lost and the
spheres, which can be deformed, arrange in a bcc structure.140,143 Typically, the
crystal structure of mesocrystals can be determined using SAXS measurements
however, using this method it is not completely clear if the mesocrystal has an
overall crystalline structure or if it also contains amorphous portions within the
middle of a partially crystalline structure. Only by cutting through the crystal
and visualizing the inner structure with HRTEM can one unambiguously deter-
mine the internal arrangement. Kniep et al.91 reported on fluorapatite-gelatine-
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nanocomposites and their internal structure. The basis for the branched growth
is a hexagonal elongated prism-like core of apatite. After the fractal growth has
finished the hexagonal structure grows to form a spherical structure. The inner
arrangement cannot be estimated only by consideration of the outer shape. Kniep
et al. presented the first focused ion beam cuts on such structures to gain a deeper
understanding of the arrangement and of the growth mechanism.
Properties and Applications
There presently exist a number of new and interesting applications based oppor-
tunities grounded on the structure of the mesocrystals. Before some examples are
introduced, it is important to understand the internal structure of the mesocrys-
talline materials. Zhou and O’Brien have postulated that for general classification
purposes three basic types of mesocrystals may be considered.146 The first struc-
tures consist of nanoparticles separated by organic molecules, the second consists of
nanoparticles connected by mineral bridges and additionally surrounded by organic
ligands and in the third type of mesocrystal the nanoparticles are connected only
by mineral bridges but without the presence of organic ligands. These different
architectures influence the properties of the single mesocrystal entities, such as the
electronic properties and the surface area of the nanoparticles, drastically.
Mesocrystals with bare surfaces show highly accessible surface areas and are well
suited for heterogeneous catalysis and photocatalysis as shown by Zeng et al.147,
Tartaj et al.148 and Yu et al.149. Zeng et al. used CoO and Zn1−xCoxO/Co1−yZnyO
nanocomposites to catalyse, in a heterogeneous catalytic reaction, the oxidation of
CO to CO2. Both materials exhibit catalytic activity already at a relatively low
temperature of 60◦C, whichincreases up to temperatures of 120-140◦C. The high
surface area of the synthesised mesocrystalline material and the surface decoration
with hydroxyl groups, which are essential for the CO adsorption, are responsible
for the high catalytic activity. Yu et al. reported on an NO removal via a pho-
tocatalytic reaction at the surface of TiO2 nanowires. The mesocrystaline rutile
nanowires show a high catalytic activity because the nanowires have a high aspect
ratio, which allows a fast charge transport, a large surface area with many open
pores for the diffusion of NO and the efficient penetration of light.
Not only are catalytic reactions on the high surface area of the mesocrystaline ma-
terials possible, but in addition these materials are appropriate electrode materials.
Pang et al.150 synthesised W18O49 mesocrystals, which show good electrochemical
30
2.3. Non-classical Pathways
properties and have a high electron-proton transport rate. In addition, they show
large pseudocapacitive capacitance and a superior stability, which makes them po-
tential materials for use as supercapacitors.
Mesocrystals which possess an organic ligand shell around them and whose prepa-
ration was described above, are usually not suitable for use in catalytic approaches
as the surfaces are relatively inaccessible but do possess other interesting proper-
ties such as closed intracrystalline pores, which is advantageous for thermal and
dielectric insulation.
Zhu et al. have reported on superstructures and the SERS properties of gold
nanocrystals of different shapes.151 These noble-metal nanocrystal materials pos-
sess a plasmon resonance and have many potential applications in e.g. optical
waveguides, superlensing, photon detection and surface-enhanced Raman scatter-
ing (SERS) for sensing and imaging applications.151 The SERS sensitivity is highly
dependent on the structure of the Au mesocrystals so that the hotspots and the
strength of the antenna effect vary. Not only do the size, shape and type of the
single building blocks influence the SERS signal, the interparticle distance in the
nanoparticle arrangement also changes the signal intensity. The difficulty in this
reported study was the production of highly monodisperse Au nanoparticles of dif-
ferent shapes and their controlled assembly into 3D structures. Single-crystalline
rhombic dodecahedral nanoparticles arranged into an fcc triangular superstructure
showed the highest SERS effect. Additionally, the SERS effect was measured to
be stronger along the edges and corners than in the middle of the superstructures.
The presence of a higher number of hotspots makes these materials especially in-
teresting as chemical and biological sensors, as immunosensors and for analytical
measurements due to their high sensitivity. The SERS effect was also observed
for Ag nanoparticle arrangements as described by Fendler.152 Additional collective
properties of Ag nanoparticles deriving from their shifted resonances in absorption
spectroscopy due to Lorentz field effects and changes in reflectance measurements
have also been described.153
The arrangement of magnetic nanoparticles into ordered superstructures opens up
a class of materials with unique magnetic properties. The ferromagnetic nanopar-
ticles so arranged are potential candidates for magnetic storage media. The idea
is that each ferromagnetic nanoparticle corresponds to one bit of information. Up
to now, there are several challenges to overcome before their application becomes
a reality, such as their limited thermal fluctuation and their superparamagnetism
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at room temperature.154 Magnetic nanoparticles capped with organic ligands and
arranged into mesocrystals show collective behaviour caused by long-range dipo-
lar interactions because contact between the nanoparticles is hindered by the lig-
and shell so that exchange interactions are neglected.155 When 3-D ordered and
non-ordered arrangements of magnetic nanoparticles are compared, the ordered
assemblies possess a more square-like hysteresis loop and a higher blocking tem-
perature, with the consequence that superparamagnet behaviour occurs at higher
temperatures. Due to the higher ordering present within mesocrystals, the coupling
constant between the nanoparticles increases with decreasing interparticle distance,
which corresponds directly to the increase in dipolar interactions.154 For applica-
tions of these magnetic 3D superstructures the interactions between the magnetic
nanoparticles and their complicated underlying behaviour need to be investigated
further.
The magnetic properties of such mesocrystals can also be used in biomedical and
targeting applications. Ge et al. have reported on a method by which water soluble
Fe3O4 mesocrystals that still exhibit superparamagnetism may be produced, which
is normally limited in Fe3O4 nanoparticles to a domain size of approximately 30
nm.156 Additionally the magnetic response to external magnetic fields, which is
caused by the higher magnetization per particle into the arrangement, is much
stronger than that of the single magnetic nanoparticles. Coating the mesocrystals
with a silica shell allows the coupling via specific silane chemistry ligands to surfaces
and molecules.157
Another field of application is in the area of photonic crystals. The 3D arrange-
ment of spherical particles into macroscopic ordered structures leads to spatially
periodic structures. The nanoparticle sizes need to be in the range of the photon
wavelength to influence the propagation of electromagnetic waves. Using template
free fabrication of photonic crystals has many advantages e.g. the easily tuneable
photonic bandgap via size variation of the building blocks and relatively inexpen-
sive fabrication. An inherent disadvantages are the imperfect structures that result
from 3D self-assembly and, as is often observed, the absence of a full photonic band
gap.
In addition, electronic properties of the isolated nanoparticle arrangements are of
great interest. Yang et al. investigated the electronic properties of 3D Au colloidal
crystals with scanning tunnelling microscope (STM).158 The STM tip required
higher bias voltages because of the insulating organic layers around the nanopar-
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ticular building blocks which resulted in a lower effective voltage. Additionally,
conductance due to the collective nature of the structure could be observed. In
contrast to the conductance of any one given nanocrystal a slight additional modu-
lation was witnessed to be superimposed on the collective conductance background,
which mimics the Coulomb staircase structure normally observed from isolated
nanoparticles. As most experiments on the electronic behaviour of nanoparticles
are made on layers with a defined thickness and size it was also possible to de-
termine that the application of a thermal treatment increases the conductivity159,
which brings these structures one step closer to being used in promising applications
involving low-cost, high-performance energy conversion and storage technologies.
The mechanical properties of mesocrystals are also of interest with respect to po-
tential applications and therefore it is necessary to understand them with respect
to device integration and such parameters as robustness and durability. Measure-
ments have been performed with PbS mesocrystals in the group of Shevchenko et
al. where the collective mechanical response of the material was undertaken, and
which has been reported to be in the range between hard sphere colloidal crystals
and opals.27,160,161 The observed response can be compared with that of hard and
stiff polymers, but shows a greater degree of hardness. This increased hardness
comes from the dense packing of the spheres, which distributes the stress over the
complete material and this results in an increased hardness and modulus. However,
the fracture toughness is significantly diminished as only ligand-ligand interactions
keep the inorganic cores inside of the material. The ligand-ligand interactions lead
to a behaviour which is analogous to stiffness and elasticity in polymers. Podsiadlo
et al. have also shown the dependence of increasing nanoparticle size on hardness
(H) and elasticity (E). If the NP size increases in H then E also increases. The com-
bination of the organic-inorganic core-shell material makes the material behave like
nanoparticle-filled polymers. Thus, the mechanical properties can be influenced by
ligand-ligand interactions and can be optimized through further investigation. Not
only were the mechanical properties of PbS mesocrystals undertaken but also those
of Au mesocrystals were measured and it was reported that the formation processes
influence the Youngs modulus of the different structures.162 Consequently, the rel-
atively high stiffness combined with the elasticity caused by the nanoparticular
structure is in accordance with the embedding and integration of these functional
materials into technical devices.
All the examples presented here make it clear that the properties of mesocrystals
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depend on the internal structure of the mesocrystals and hence it is possible to vary
and optimize the properties as required for different applications. Both mechanical
stability and electrical conductivity are very important characteristics for the inte-
gration of the functional materials into devices and first procedures to optimize the
materials regarding their conductivity and hardness have been undertaken. It is
important for many applications that the mesocrystalline materials are not static
materials as is the case for bulk materials. With small changes such as a different
ligand shell, the properties can be widely varied and it is possible to optimize the
properties with the end application field in mind.
2.4. Résumé
Briefly the latest state of the art of classical crystal growth and non-classical
nanoparticle arrangement is presented. Thereby, the synthetic pathways of oriented
attachment and non-classical crystallisation with firstly synthesised nanoparticles
as building blocks are focused. Especially, the analogies of classical crystal lattices
to those of nanoparticles are impressive and in some cases the inner structure of
macroscopic solids can only be identified with thin cut techniques or focused ion
beam experiments because of the single crystal behaviour of the resulting crys-
tals. Besides the self-assembly mechanism and its parameters the properties of the
mesocrystals, which are a sum of the nanoparticular properties and the unique col-
lective properties, which derive from the highly ordered nanoparticle arrangement
are presented and the corresponding possible applications, too.
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The mesocrystal building blocks and their synthesis are focused upon in this chap-
ter. Thereby, the synthesis and the optimisation methods for the production of
highly monodisperse, quasi-spherical nanoparticles in the size range of 2-15 nm
are presented. Semiconductor, metal and core-shell nanoparticles are prepared
as nanoparticular building units and are favoured as they can achieve the crite-
ria of high monodispersity by their syntheses in organic media. In some cases
the optimisation procedure and the influence of parameters such as the injection
temperature, reaction duration and the reactivity of the precursor molecules are
regarded. An important point for later self-assembly is the surface modification of
the single nanoparticles and their coating ligands as during the formation process
of mesocrystalline materials the special properties which derive from materials at
the nanodimension should be maintained in the macroscopic structure, with the
implication that the nanoparticles have to be protected against fusion during the
self-assembly procedure. Hence, Fourier transform infrared spectroscopy is used
for the characterisation of surface ligands. Additionally, thermogravimetric analy-
sis coupled with mass spectroscopy is implemented to gain information concerning
the stability of the nanoparticles. Moreover, spectroscopic measurements are un-
dertaken and (HR)TEM measurements are carried out in order to characterise the
optical properties and the habitus of the nanoparticles and their ability to form
two dimensional ordered arrangements.
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3.1. Preface
Based on the continuing trend towards device miniaturisation in industry, it is in-
dispensable for scientists to improve and develop strategies to successfully deliver
materials, which can achieve this aim. The synthesis of colloidal nanoparticles
especially represents one field where a wide variety of materials with low size dis-
tribution, high crystallinity and optimised optical properties can be reproducibly
manufactured.1,2
Therefore, two main approaches exist; the top-down and the bottom-up strategies.
In the conventional semiconductor technology and microfabrication industry the
production of new nanodimensional materials is done by size reduction of bulk ma-
terial. The typically “top-down” approach for microelectronics is based on highly
clean surfaces and bulk materials with homogeneous properties and mostly contin-
uous crystal structure, which increases the cost for the initial bulk materials. Ad-
ditionally, the patterning of these bulk materials can only be done stepwise and in
two dimensions where which every step combines many individual operations. This
concept is problematic during the production of complex structured monodisperse
materials because the process runs stepwise and high standards of cleanness have
to be guaranteed over the whole production period.3 The “top-down” approach of
synthesizing small nanoparticles is based on physical methods such as milling and
grinding. The disadvantages of this approach are the broad size distribution of the
synthesised nanoparticles and the low size and shape control. Nevertheless, a big
advantage of these methods are the large quantities which can be produced.4,5
The “bottom-up” approach can be regarded as a self-assembling process of small
molecules, atoms or ions, which interact with each other and form agglomerates or
are deposited in defined structures. Therefore, techniques for organic and inorganic
synthesis are used. Common techniques are gas phase synthesis6 and wet chemical
processes7–11, in which the properties of the produced nanoparticles can vary, which
is caused by differences in crystallinity and surface modifications, despite using the
same materials. Especially for these methods a small size distribution, suppres-
sion of agglomeration and controlled surface modification are possible and are big
advantages. Gas phase syntheses are continuous processes with relatively high re-
action temperatures so that crystalline nanoparticles with bare surfaces occur. The
high temperatures sometimes tend to towards agglomeration of the nanoparticles
and cause a broad size distribution. The reactions are normally thermodynami-
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cally driven so that it is difficult to synthesise metastable nanoparticles with special
morphologies.
For that purpose, the wet chemical processes are more favourable because they are
kinetically driven. With the principle of LaMer and the knowledge about critical
nucleus formation, the size distribution and the particle formation can be eas-
ily varied by changing the reaction conditions.12 Presently, a high oversaturation
induces nucleus formation within a short time window and after this period of
time the nucleus formation is inhibited caused by too low reactant concentrations.
The resulting metastable nuclei are capped with functionalised organic molecules,
which stabilise the nanoparticles in solution and prevent particle agglomeration.
The nanoparticle surface can be covered with hydrophobic organic monolayers13,14
that sterically hinder the agglomeration or the nanoparticles are charge separated
by using positively or negatively charged organic monolayers as ligands15–17. Addi-
tionally, polymers or biological molecules like proteins can be directly bound on the
nanoparticle surface to make them stable in special environments like the human
body18–22. The surface substantially determines the chemical reactivity and the
solubility of the nanoparticles in solution23. In general, the nanoparticles inherit
the same solubility behaviour as imposed by the solution exposed ligand. In addi-
tion, the immobilisation of the ligands can result in new properties that the ligands
did not show before and so the ligands can directly influence the reactivity and
stability of the nanoparticles. To introduce new functional groups or surface prop-
erties it is in most cases possible and necessary for later applications23 to exchange
ligands without changing the core properties.
The properties of the inorganic core make the nanomaterials unique because of
the presence of the quantum-size effect and it is this that explains the altered
properties from those of the bulk materials after size reduction. In this context,
semiconductor nanoparticles belong to a class of increasingly interesting materials
as their optical and electronic properties are size dependent24,25. This results in
larger band gaps once the nanoparticle has reached that of the Bohr radius of the
material as the electron-hole pair is restricted in their spatial dimensions leading
to energy quantisation. The relationship of nanoparticle size and bandgap energy
is described for semiconductor nanoparticles in the Brus-equation26.
Noble metal nanoparticles also show size dependent electronic behaviour which in-
fluences the plasmon resonance and thereby the optical properties.27 The plasmon
resonance frequency is affected by the nanoparticle material, its electron density
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and also by the surrounding media. Hence a change in the ligand shell or solvent
can shift the plasmon resonance to different values depending on the dielectric
constant of the surrounding media.28 In 1908 Mie calculated the surface plasmon
resonance for the first time by solving the Maxwell equations for small spherical
particles which interact with an electromagnetic field.29 However, this model only
describes spherical metal nanoparticles but for particles with different morpholo-
gies, anisotropic effects were observed.30 While the changing optical properties of
metal nanoparticles are interesting, nowadays the high surface areas of the metal-
lic nanoparticles, which are important for catalytic applications31, also receive a
great deal of attention, particularly, nanoparticle arrangements with low surface
coverage which are needed to realise high catalytic activity.
Another method to tune the optical and electronic properties of nanomaterials is
the synthesis of colloidal core-shell nanoparticles, which contain at least two inor-
ganic materials in an onion-like structure.32,33 the shell providing a physical barrier
that acts as passivation layer to make the core less sensitive for the surrounding
media. In addition, the shell can enhance the quantum yield, tune the lifetime of
semiconductor nanoparticles and influence their optical properties. Semiconductor
core-shell materials are well reported and their resulting properties depend on the
relative positions of electronic energy levels of the materials involved.33 Figure 3.1
shows the different configurations, which are possible to form between two different
semiconductor materials. The location of the electron-hole pair within the different
structures is important in determining the resulting properties. In type I structures
the exciton is located in the core, in reversed type I structure it is located in the
shell and in type II structures the electron-hole pair is separated into the different
core-shell regions. For the case of semiconductor materials, the electronic struc-
ture of the core-shell materials are reasonably well known, but the combination
of metal and semiconductor materials is somewhat more complex. Additionally,
it is challenging to synthesise metal-semiconductor core-shell materials due to the
complex synthetic routes that have to be chosen as consequence of the high lattice
mismatches in the crystalline structure of metals and semiconductors, so that epi-
taxial growth is very difficult to realise.34 Therefore, new synthetic strategies must
be developed to produce defined core-shell hybrid structures.
With regard to further applications, the manipulation of single nanoparticles is
not easy to implement in such a way that they can be contacted or introduced as
functional individual units into devices. Hence, it is currently expected that two
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Figure 3.1.: Schematic representation of the relative energy-level align-
ment of the bandgap in different core/shell systems realised
with semiconductor NCs. The conduction and valence band edges
correspond to the upper and lower edges of the rectangles.33
dimensional and 3D arrangements will most likely be employed for applications if
they are to become an essential part of modern nanotechnology.35 For the arrange-
ment of highly symmetrical 3D mesocrystals, the nanoparticular building blocks
have to fulfil special conditions in order to make the implementation of the build-
ing units into these ordered crystalline structures possible. For that matter, low
size distributions of the as-synthesised nanoparticles have to be achieved and they
should be less than 5% to minimise stacking faults and defects in the crystalline
structure of the resulting superstructures. Additionally, to control the crystalli-
sation of the nanoparticles, these building blocks have to have a defined surface
modification so that later it is possible to control the conditions for self-assembly.
3.2. Semiconductor nanoparticles - PbS and PbSe
Semiconductor nanoparticles belong to a class of increasingly interesting mate-
rials because their optical and electronic properties are size dependent.24,25 The
IV-VI semiconductors, in particular lead sulphide and lead selenide nanoparticles,
hold much potential, as they possess unique intrinsic properties. In their macro-
scopic form they crystallise in the rock-salt structure (cubic) and have a narrow
direct bandgap of 0.41 to 0.28 eV respectively at 300 K.36 Due to their relatively
high dielectric constants of ε∞ =18.0-24.0 and their low effective hole and elec-
tron masses, excitons with relatively large Bohr radii are generated (aB(PbS) =
20 nm37, aB(PbSe) = 46 nm
36). Particles, with sizes below the Bohr radius, show
typical changes in their properties because of the quantum size effect, which is a
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consequence of the steric restriction of the electron-hole pair. The Brus-equation
describes the relationship between the particle size and bandgap energy due to the
quantum size effect and using well optimised synthetic routes the bandgap of PbS
and PbSe nanoparticles is extendable to reach 1.55 eV (800 nm).38 Due to their
electronic structure the optical properties of the lead chalcogenide materials leads
them to absorb and emit in the near-infrared and mid-infrared spectral region. In
addition, the fact that they have large exciton radii of about 18 nm or greater allows
one to tune their bandgaps at room temperature to between 500-3000 nm.9,38–40
Therefore, lead chalcogenides have the potential to be employed in a wide range
of devices as optically active components and hence could be beneficial in such
applications as solar cells, IR lasers and detectors and as fluorophores in the field
of telecommunications.37,41 In addition, lead chalcogenide nanoparticles have been
reported to be capable of efficient multiple exciton generation (MEG)42–44, which
makes them especially attractive for photovoltaic applications.
3.2.1. Lead sulphide nanoparticles∗
Modified syntheses of Nagel et al.37 are the basis for the preparation of monodis-
perse lead sulphide nanoparticles and for small PbS nanoparticles the synthesis of
Hines et al.38,46 has been used. The syntheses described therein provide quantum
dots in the size range of 2-14 nm. The yield of the as-synthesised nanoparticles
varies strongly and depends heavily on the synthesis method used and on the re-
action conditions. The main difference between the production of small and big
nanoparticles can be found in the sulfur precursor used. It is helpful in synthesis-
ing small nanoparticles to choose highly reactive sulfur sources to achieve a high
supersaturation within a short period of time, as outlined by LaMer theory. Con-
sequently, a high concentration of highly reactive nuclei will be formed and thus a
fast depletion of the sulfur precursor will be realised and a stagnancy in the growing
process of the nuclei will occur resulting in a size limitation of the nanoparticles.
Bigger nanoparticles can be easily synthesised by using less reactive sulfur sources,
but the sulfur precursor has to decompose thermally at a defined rate, so that su-
persaturation takes place and only a low amount of nuclei are formed which grow
over a longer period of time (minute range) by using the sulfur precursor left and
forming highly facetted nanoparticles.
∗Parts of this section have already been published.45
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Figure 3.2.: Optic, size, shape and crystal structure characterisation of
PbS nanoparticles. Absorption spectra of various PbS nanoparticle
sizes with their typical and size tuneable band-to-band transitions (a),
TEM investigations on single crystalline 8 nm sized quasi-spherical
PbS nanoparticles (b) and X-ray powder diffraction analysis of the
crystalline structure, which shows same reflexes like bulk PbS (c).
The evolution of the growing nanoparticle species is shown in Figure 3.2a in the
absorption spectra. On the basis of the first absorption maximum the monodis-
persity of the nanoparticles can be estimated by comparing the broadening of the
first maximum. For bigger nanoparticles the second up to the fourth transition
is observable. The spectra possess sharp and well-resolved blue shifted transition
bands with respect to the bulk material, indicating both the occurrence of the size
quantisation effect and the presence of a narrow size distribution. The higher band
transitions of small nanoparticles are not observable.
Typically, in the investigations of the formation process of the mesocrystals pre-
sented later, the nanoparticle building blocks were chosen to be in the size range
of 5-10 nm. As is shown in Figure 3.2b and 3.2c, these nanoparticles have a single
crystalline structure analogue to the normal PbS galena configuration having a cu-
bic crystal structure of the Fm3̄m space group. Because of their nearly equal size
and morphology, the nanoparticles can be easily assembled into two-dimensional
layers as it is shown in Figure 3.2b. Using high-resolution TEM (HRTEM) im-
ages of single nanoparticles the habitus of the PbS quantum dots was investi-
gated. To separate the nanoparticles for morphology analysis, a colloidal crystal
was soaked with epoxide monomer. After partial swelling and consequent dilut-
ing of the nanoparticles the epoxide becomes hard. Thin cuts made via focused
ion beam were prepared and measured using HRTEM as is shown in Figure 3.3
a,e. With fast Fourier transformation (FFT) the crystal facets can be determined
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Figure 3.3.: HRTEM images of single PbS nanoparticles. The particles are
viewed along [100]PbS (a) and [1-10]PbS (e) direction. (b,f) shows the
corresponding FFT and (c,g) the filtered images. (d,h) represent the
simulated nanoparticular morphology as truncated octahedrons.45
(Figure 3.3 b,f) and this is represented in Figure 3.3 c,g in the filtered image. By
combining the two projections the resulting habit of the filtered representations
can be approximated to a truncated octahedron. Additionally, the morphology
expresses the galena preferred crystal facets {100}, {111} and {110} and in com-
bination with the corresponding FFTs the space group Fm3̄m and the unit cell
parameter a = 5.936 Å can be confirmed.47
In order to study the properties of the ligand shell, Fourier transformed IR spec-
troscopy measurements were done. During preparation of the PbS quantum dots,
oleic acid and n-tri-octyl-phosphine (TOP) were used as ligands. The oleic acid
forms a highly soluble oleate-complex with the relatively insoluble lead acetate
to provide the appropriate lead species as precursor. Additionally, oleic acid acts
as a stabilizing ligand during and after synthesis. The role of the TOP is highly
complex and not fully understood until now.48 During synthesis, it influences the
morphology of the nanoparticles and stabilises them in solution. Syntheses of big-
ger nanoparticle sizes without using TOP results in a high polydispersity of the
produced nanoparticles and additionally agglomeration during the formation pro-
cess. In the literature it is reported, that only oleic acid, but not TOP can be found
as the surface stabiliser on lead chalcogenides.49,50 To confirm these assumptions
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Figure 3.4.: FT-IR spectra of the surface ligands and PbS nanoparticles.
Oleic acid can be confirmed as a surface ligand in contrast to the n-
tri-octyl-phosphine.
also for the synthesis employed here, FT-IR measurements were carried out. In
Figure 3.4 the spectra of TOP, oleic acid and ligand-capped PbS quantum dots are
presented. In the region between 2800-3000 cm−1 the spectra of all three compo-
nents look similar because they all contain -CH2 and -CH3 groups which accounts
for the stretching vibrations shown there. Additionally, the oleic acid and the PbS
nanoparticle spectra have a peak at 3007 cm−1, which belongs to the stretching
vibration associated with -CH= groups. The intense peak at 1758 cm−1 in the oleic
acid spectrum is conspicuous, representing the -C=O vibration. The -C=O vibra-
tion could not be observed in the nanoparticle spectra, which is as the result of the
absence of oleic acid on the nanoparticle surface or a result of changing inductive
effects during binding to the nanoparticle surface. The fingerprint region of the
spectra with the -C-P stretching vibrations (1030-1170 cm−1) is less significant, so
that a concrete statement about TOP as surface ligand is difficult to make. In the
nanoparticle spectra a new peak at 1544 cm−1 arises and can be assigned to the
resonance frequency of the carboxylic acid salt.51 As result of a chemical reaction
of oleic acid and the nanoparticle surface a bond between the carboxylic group and
the lead-ions is possible. The inductive effect, arising from the electron-donating
metal-ion, reduces the force constant of the bond, resulting in a lower wavenum-
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Figure 3.5.: TGA-MS measurements of PbS nanoparticles showing two
mass losses (a) and the corresponding MS spectra (b). The
first mass loss is caused by degradation of ligand molecules and the
second one additionally by removing PbS units.
ber for the absorbance of the carboxylic group. The inductive effects also affect
the neighbour -C-OH group, inducing a change in the transmission intensity. The
FT-IR spectrum shows explicitly the binding of oleic acid to the particle surface,
which supports the literature published results. Moreover, it is reported that PbS
nanoparticles are covered with lead-ions as a final monolayer on all of the charged
facets, which supports the existence of an oleic acid ligand shell.52,53 In addition
to the FT-IR measurements, P-NMR measurements were performed. These ex-
periments did not show any changes in the nanoparticles, so that TOP on the
nanoparticle surface can be excluded.
Thermogravimetric analysis (TGA) was undertaken from 25 to 1000◦C in an inert
atmosphere using argon. Two mass losses between 200 and 1000◦C are observed. In
a first step, 18.39% of the total mass leaves the structure between 200◦C and 450◦C,
see Figure 3.5a. With regard to the mass spectroscopy (MS) of the removed mole-
cules, two main fractions can be determined. The first fraction starting at 200◦C
and present up to 350◦C is dominated by M/z peaks of 44 and above 250◦C a M/z
signature of 18 is observed (Figure 3.5b). There, CO+2 -species and H2O
+-molecules
are removed, which indicates a residual humidity is present in the structure and
also a degree of unbound oleic acid molecules. This may occur because, while the
carboxylic group is normally bound to the nanoparticle surface, it may also be
arranged such that the head group sticks out from the ligand shell. From 300◦C
on up to 450◦C M/z peaks representing CxH
+
y and CxHyO
+
z -species (15, 16, 27, 28,
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41 and 55) increase in intensity as result of the degradation along the length of the
oleic acid molecules. Higher M/z values only occur with low intensities because the
electron bombardment ionisation is conducive to molecule fragmentation. More-
over, M/z values indicative of water and CH2 groups leaving the structure are also
observed at higher temperatures than 450◦C. The second main mass loss starts at
750◦C with increasing M/z values of 18, 28 and 44, so water and CH2-groups and
additionally CO+2 from the bound carboxylic groups are leaving the structure. In
total, the mass reduction of the second step is 85.51%, which cannot be realised by
ligand molecules alone. The ligand shell left on top of the nanoparticle surface is
bound via carboxylic group to the Pb-units and stabilises the nanoparticles, but the
high temperatures remove the stabilizing ligand shell, so that bare surfaces remain.
The lower melting points of nanoparticular units result in melting and additional
evaporation of PbS species. The detection of these species is difficult because only
positively charged ions can be measured, so sulfur ions are not observable with this
measurement setup. Accordingly, the particles are partially stabilised up to 750◦C
with ligand molecules and so the amount of organic stabilizing material cannot be
easily distinguished with TGA.
3.2.2. Lead selenide nanoparticles
Lead selenide nanoparticles were synthesised using a modified preparation tech-
nique from Houtepen et al.54 and Brumer et al.36. Monodisperse PbSe nanoparticles
in a size range of 3.3-11.2 nm can be synthesised with quasi-spherical morphology.
Size calculations are done by means of the Brus-equation using the first transition
maximum of the absorption peak, see Figure 3.6a. Size variation can be achieved
by using different solvents and amounts of n-tri-octyl-phosphine, and by variation
of the reaction temperature and time. Hence, the nanoparticle concentration and
also the yield diversify with every changed parameter. The as-synthesised nanopar-
ticles are monodisperse and single crystalline as for the PbS nanoparticles and also
show a truncated octahedron morphology. The crystal lattice is equivalent to the
PbSe bulk material and reveals the typical reflexes of clausthalite in the X-ray
powder diffraction, see Figure 3.6b and 3.6c.55
FT-IR measurements show analogous results to that of PbS nanoparticles so that
oleic acid as a stabilizing ligand can be assumed to be present on the nanoparticle
surface.
Also the results of TGA-MS analysis are nearly equal to those obtained for the
59
3. Nanoparticular Building Blocks
(c)
2 nm
10 nm
(a) (b)
1000 1500 2000 2500
0
1
In
te
n
si
ty
Wavelength /nm
3.3 nm 5.8 nm 9.0 nm
3.9 nm 7.0 nm 10.7 nm
4.9 nm 8.0 nm 11.2 nm
20 30 40 50 60 70 80 90
In
te
n
si
ty
Scattering Angle 2q /◦
PbS
Reference Clausthalit
Figure 3.6.: Optical, size, shape and crystal structure characterisation of
PbSe nanoparticles. Absorption spectra of various PbSe nanopar-
ticle sizes with their typical and size tuneable band transitions (a),
TEM investigations on single crystalline 8 nm sized quasi-spherical
PbSe nanoparticles (b) and X-ray powder diffraction analysis of the
crystalline structure, which shows same reflexes like bulk PbSe (c).
PbS nanoparticles, see Figure 3.7. Mass loss occurs stepwise in two steps, where
the first mass loss is about 18.25% and the second about 70.26%. The water and
CO+2 -species start to evaporate in this case at 250
◦C. The degradation of the alkyl
chain starts at 300◦C. From 450-750◦C only low amounts of water and parts of
the alkyl chain are removed. Above 750◦C the parts of oleic acid that were left
are removed until the surface of the particle is no longer stable and melting and
evaporation of inorganic material takes place.
3.3. Noble metal nanoparticles - Au and Ag
Metal nanoparticles are, from a historical point of view the longest used nano-
materials in spite of the fact that the size of the used materials was not known
at that point in time. Already in the late antiquity, glass was coloured using a
gold sol which gave them the characteristic red shades such as red-violet, magenta
and wine-red of colloidal gold. Thus, gold nanoparticles found applications in the
production of coloured glass and also as a painting colour for porcelain at an early
stage.4
The reasons for the red colour of gold nanoparticles are their plasmonic properties.
Not only nanodimensional gold shows this behaviour, but so too do other noble
metal materials such as silver, palladium and platinum which can interact with
incident electromagnetic radiation of the appropriate wavelength.56 The electro-
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Figure 3.7.: TGA-MS measurements of PbSe nanoparticles showing the
two areas of mass loss (a) and the corresponding MS spectra of the
removed parts over the temperature range.
magnetic radiation initiates collective vibrations of the electron gas in the particles
as it is shown in Figure 3.8.28 If the resonance frequency of the plasmonic vibra-
tions is in the spectral region of visible light, the particles absorb these wavelengths
and as a result the particle solution is coloured. As is described in the introduc-
tion of this chapter the plasmon resonance frequency can be influenced by many
parameters. It depends on the nanomaterial used as well on the refraction index
of the surrounding media, e.g. the ligand shell and also the solvent. The shape
influences the plasmonic resonance strongly. So, spherical gold nanoparticles show
only one maximum in the absorption spectrum. In elongated structures a second
maximum at longer wavelength occurs.57 In comparison to semiconductor nanopar-
ticles and their quantum confinement, the resonance frequency of the plasmon is
less dramatically affected by size.
Besides the changes in the optical properties of noble metal nanoparticles, the
thermal properties are also influenced by size. With decreasing radii of the particles
the melting point of the materials decreases. As an example, gold nanoparticles
with a diameter of 10 nm melt at 1200◦C, but particles with 2 nm in diameter have
a melting point of 700◦C.58 In contrast to that, their high chemical resistance is not
affected, which makes the noble-metal nanoparticles good candidates in medical
and biological applications.59,60 Silver nanoparticles with their antibacterial and
antiviral properties are especially well suited for this task. The large surface areas
and the high curvature of the particle surface make the atoms more reactive and so
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Figure 3.8.: Schematic representation of the plasmon resonance. Incom-
ing light with a specific resonance frequency excites the electrons to a
coherent surface vibration, the so called plasmon.28
noble-metal nanoparticles may be attractive for catalytic applications.31 A problem
with such systems may arise if they are requited for high temperature reactions
because of their reduced melting point. Due to their special optical properties, they
are also good candidates for surface enhanced Raman scattering and fluorescence
amplification.61,62 Arranged into 2D or 3D structures and with their high electrical
conductivity the noble metal nanoparticles find applications as building units in
nanoelectronics and sensor technology.63
3.3.1. Gold nanoparticles for organic solvents†
The synthesis of gold nanoparticles is achieved using the method of Peng et al.65.
Spherical and monodisperse nanoparticles in the size range of 2.4-9.5 nm can be
produced via variation of the reaction temperature between 2-40◦C and follows a
nearly linear trend, see Figure 3.9a. The synthesis is done in organic solvents to
minimise size distribution effects in comparison to the aqueous synthesis and the
as-synthesised nanoparticles are nearly monodisperse (standard deviation 5%). In
addition to the reaction temperature as parameter, the stirring rate also influences
the size distribution. As a result of slower mixing of the components during injec-
tion, different regions of supersaturation are generated and so the size distribution
increases with decreasing stirring rate. In such a case bigger particle sizes are gen-
erated and additional network like structures are formed. To exclude influences
generated by a changing mixing rate, the reaction parameters for the production
of 5 nm sized gold nanoparticles are fixed at a stirring rate of 750 rpm and reaction
†The results of this chapter were partly obtained within the framework of the bachelor thesis
written by M.Sc. Danny Haubold64 under the mentoring of the author.
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Figure 3.9.: Temperature dependent size variation of the diameter dur-
ing gold nanoparticle synthesis, absorption spectrum of gold
NPs and TEM investigations on their morphology. Size de-
termination of the as-synthesised particles could not be achieved with
the surface plasmon resonance frequency. Therefore, TEM measure-
ments are necessary and they show the morphology and the twinning
of the nanoparticles additionally.
temperature of 20◦C.
The optical properties of the as-synthesised nanoparticles are measured using ab-
sorption spectroscopy. The absorption maximum is 520 nm, which correlates well
with the dark red coloured nanoparticle solution observed. The precipitated and
dried nanoparticles show the typical metallic radiance of the bulk material. As it
is shown in Figure 3.9b, the absorption spectrum contains only one maximum as
a result of the spherical morphology. In comparison to semiconductor nanoparti-
cles, qualitative information about size and size distribution are not included in
the spectra. Furthermore, TEM measurements show well-arranged 2D hexago-
nal densely packed nanoparticle monolayers with an average particle size of 5 nm
(Figure 3.9c). A closer look at the nanoparticle morphology in the HRTEM im-
ages show that they exhibit a mostly twinned crystal structure, in Figure 3.10 the
gold nanoparticles and their multidomain structure are presented. In literature,
defects and twinning effects in gold nanoparticles are well described and it is ob-
served that these structures show a high amount of [111] facets.65 Baletto et al.66
reported that the [100] facets have a higher surface energy in contrast to the [111]
facets of the gold structure so that icosahedral structures are preferentially formed.
Single crystalline gold nanoparticles are also observed, but their separation from
the nanoparticle solution is not possible. Additionally, in Figure 3.10 the X-ray
powder diffraction (XRD) of the gold nanoparticles with their face centred cubic
crystal structure is shown. The increased intensity of the [111] facet is caused by
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Figure 3.10.: Twinned morphologies of gold nanoparticles synthesised
using the method of Peng et al.67 and corresponding XRD
measurements of the particles. The [111] facet is pronounced
because of the favoured formation of this facet.55
the twinning effects of [100] facets described above.
As oleylamine is used as the surface ligand the amine group should be attached
to the particle surface. In Figure 3.11 the FT-IR spectra of the gold nanoparticles
and of oleylamine is shown. The -CH2 and -CH3 vibrations of both spectra are
quite similar, which is not surprising as oleylamine is the only stabiliser molecule
used. The peak for the -NH2 group shows low intensity, so that the binding of
this group on the surface of the particle cannot be proven. Oleylamine was chosen
as the stabiliser because of its structural similarity to oleic acid, which is used
as the ligand for the semiconductor nanoparticles. The thermal behaviour of the
stabilizing ligands and that of the gold core were investigated by thermogravimetric
measurements, see Figure 3.11. At 175◦C, it is expected that similar fragments
to those observed in the TGA-MS analysis of the PbS and PbSe nanoparticles,
will be detected. This is indeed the case and a 13% mass loss is observed to
occur between 175-375◦C. The following plateau shows the stability of the gold
nanoparticles for the remainder of the ligand shell. Above 800◦C a second mass
loss takes place, where the remaining parts of the ligand shell are removed from
the particles. Simultaneously, the heat flow shows an endothermic process that
describes the slow melting of the gold nanoparticles. After thermal treatment, the
gold nanoparticles are molten together to macroscopic gold nuggets as a result of
the absence of the stabilizing molecules.
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Figure 3.11.: FT-IR and TGA measurements of the gold nanoparticles.
Oleylamine stabilises the particle surface and keeps the particles sol-
uble in organic media. To remove the ligands, temperatures above
200◦C are necessary. However, too high temperatures also remove
the first surface atoms.
3.3.2. Gold and silver nanoparticles for aqueous solvents
To produce noble metal nanoparticles soluble in aqueous solution, a synthesis pro-
cedure from Jana et al.67 was used. Depending on the particle size the synthesis
varies in the number of preparation steps. 2-4 nm sized Au seeds and also 5-
7 nm sized silver particles can be synthesised via a one-step synthesis. Bigger
nanoparticles are prepared by a seeded growth procedure using the prepared core
particles. For the later three-dimensional arrangement, the particle size should
be in the range of 5-10 nm. For silver nanoparticles this can be realised with a
one-step synthesis but in the case of Au nanoparticles a second synthesis step is
necessary. Both syntheses follow the principle of reducing a silver or gold salt in
organic media in the presence of a very weak stabilizing ligand. Before the cleaning
procedure of the synthesis is done the particles are stabilised by ligand exchange
with an ω-functionalised alkane thiol like 11-mercaptoundecanoic acid (MUA) or
with N,N,N-trimethyl(11-mercaptoundecyl)-ammonium chloride (TMA). After lig-
and exchange the nanoparticles are soluble in aqueous solution.
The optical properties of such particles are similar to the properties of the above
described metal nanoparticles. The seed nanoparticles of gold show very broad
absorption spectra because of the large size distribution, see Figure 3.12. By com-
parison, the spectra of the seeded growth gold nanoparticles show a distinct plas-
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Figure 3.12.: Absorption spectra of aqueous gold and silver nanoparti-
cles, which show the plasmon peaks of the particles and the size dis-
tribution of the samples. The lower stability of the silver nanoparticles
causes agglomeration during synthesis and is apparent as a declining
branch in the absorption spectra.
mon resonance at 516 nm. The different stabilizing ligands were exchanged after
dividing the reaction solution into two parts, so that the inorganic part and the size
distribution of both solutions are equal. The lower stability of the silver nanoparti-
cles results in agglomeration during the synthesis and so size selective precipitation
follows to separate the fractions. Fraction E1 has a plasmon resonance at 430 nm
and exactly one maximum so that the morphology of the silver nanoparticles is
spherical. In Fraction E2 the maximum is shifted to smaller wavelength and the
maximum possesses a tail at higher wavelengths, which represents the variety of
agglomerates formed. For later investigations only fraction E1 is used.
The size distributions, an indication for which can be glimpsed from the peak
broadening of the absorption spectra, can be confirmed with TEM measurements.
As is shown in Figure 3.13, the synthesised gold seeds have a size of around 2
nm and few bigger particles of sizes up to 6 nm. In comparison to that, the gold
nanoparticles formed from seeded growth show spherical morphology and a size
of 5.1 0.7 nm analogous to the silver nanoparticles with a size of 5.5 0.5 nm.
The size distribution is higher in comparison to the gold nanoparticles synthesised
via the method of Peng et al.65 described above, but the twinning of the single
nanoparticles can also be observed. The surface ligands do not influence the par-
ticle morphology or size because they have been added after particle growth was
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Figure 3.13.: TEM images of the synthesised seeds and seeded-growth
particles. The size distribution of the small Au-TMA nanoparticles
(a) of around 2 nm is higher than that of the 5 nm sized ones (b).
The silver nanoparticles covered with TMA (c) show also small size-
distribution. The stabilisation with TMA or MUA does not influence
the inorganic core material.
completed.
FT-IR measurements show (Figure 3.14) that the weak stabilizing ligand didodecy-
lamine used during synthesis, is completely replaced by the anionic MUA stabiliser
and the cationic TMA. The -OH stretching vibration of the carboxylic group of
the MUA is shifted from 3000 cm−1 to higher wavenumbers because the carboxylic
dimers and their hydrogen bonds are formed in solids. The TMA ligand has a vi-
bration at 2400 cm−1 that cannot be explained with the structure of the molecule
and may be a result of impurities within the reagents. These impurities do not
attach to the surface of the nanoparticles and can be removed during the cleaning
procedure. All other vibrations reinforce the existence that the ligands have been
exchanged on the nanoparticle surface.
3.4. Core-shell nanoparticles - PbSe/PbS and
Au/PbS
Heterogeneous nanostructures and their preparation are an important field in cur-
rent research. New developments in colloidal chemistry enable the synthesis of
multicomponent nanoparticles such as core-shell, dumbbell or Janus structures
with different material combinations e.g. metal-metal68, metal-semiconductor27,69
and semiconductor-semiconductor70–72 components. The aim of the synthesis of
67
3. Nanoparticular Building Blocks
(a) (b)
4000 3500 3000 2500 2000 1500 1000
Au-
MUA
MUA
T
ra
n
sm
is
si
o
n
Wavenumber /cm−1
4000 3500 3000 2500 2000 1500 1000
T
ra
n
sm
is
si
o
n
Wavenumber /cm−1
Au-TMA
TMA
Figure 3.14.: FT-IR investigations of the bound surface ligands. The car-
boxylic group of the MUA binds on the nanoparticle surface, which
is confirmed by the increasing carboxylate vibration with the particle
present (a). The amine shows impurities that can be removed during
ligand exchange (b).
PbSe/PbS and Au/PbS core-shell structures is to arrange them into three di-
mensional structures to form crystals, which theoretically have the potential to
be highly efficient thermoelectric materials. Dresselhaus et al.73–75 postulated in
a theoretical study that the figure of merit of thermoelectric materials increases
by the combination of two nanomaterials with dimensions of about the phonon
wavelength as a result of phonon scattering at the grain boundaries while elec-
tron transport is not influenced by this. Furthermore, they undertook calculations
for lead chalcogenides, which revealed 5 nm as an optimal size to achieve highest
efficiencies. For the combination of two semiconductor materials in core-shell struc-
tures, the shell structure normally grows epitaxially on the core surface. During
this process the surface traps of the cores are filled with new inorganic material,
which often leads to a higher quantum yield of the core-shell nanoparticles due to
the passivation of the cores. The relative position of the bandgaps is used as a
classification for semiconductor core-shell structures, with the three existing types
described in the introduction.32,33 Lead selenide/sulphide nanoparticles belong to a
quasi-type I structure because the valence-band edges of both materials are nearly
equal, see Figure 3.15, so that the hole wave function is smeared out over the whole
structure while the electron is located in the core.76
It is important for the preparation of heterogeneous materials that both materials
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Figure 3.15.: Bandgap structure of PbS and PbSe in a core-shell mate-
rial. The small difference between the valence bands broadens the
wave function of the hole. Core-shell structures with this speciality
are quasi-type I structures.
show the same crystal structure, in this case NaCl-type, and have a minimal lattice
mismatch, here 1.3%.36,70 In contrast to semiconductor-semiconductor core-shell
nanoparticles with a small lattice mismatch, heterostructures combining metal and
semiconductor materials are challenging to synthesise. Their large lattice mismatch
and the differences in their crystal structure reduce the tendency of epitaxial growth
drastically so that during shell growth defects, cracks and disordered aggregation
occur. In Table 3.1 the lattice mismatches of different semiconductor materials
combined with gold are shown, calculated with the denoted equation.34
The combination of metal-semiconductor hybrid materials enables a new field of
functional materials because the combination of plasmonic resonance and semicon-
Table 3.1.: Lattice parameters of the [111] facet of gold and selected semiconductor
materials and their lattice mismatch.34
Crystal facet Crystal facet Lattice mismatch [%] (LM)
Metal (CoreCF ) Semiconductor
(ShellCF )
LM = ShellCF−CoreCF
CoreCF
· 100%
Au (111) PbS (111) 45.6
Au (111) CdTe (111) 58.9
Au (111) CdS (111) 42.7
Au (111) ZnS (111) 32.9
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ductor bandgap allows new unique properties.27 Metal nanoparticles can influence
the optical properties of semiconductor particles as Shimizu et al.77 reported. The
coupling of CdSe(ZnS) particles onto a metal surface enhances their fluorescence.
Hirakawa et al.78 reported on the electron-hole separation in hybrid nanoparticles
and their ability to increase their photocatalytic activity. Yang et al.69 described
the charge separation in hybrid nanostructures, e.g. the electrons are located in
the metal core and the holes stay in the semiconductor shell, which increases the
electron-transfer rate as a function of increasing shell thickness.
3.4.1. PbSe/PbS core-shell nanoparticles‡
As the basis for the core-shell nanoparticles, PbSe core particles are synthesised
as described in section 3.1.2. The chosen core diameters have an average size of
5 nm and are capped with oleic acid surface ligands. The shell synthesis using
a single injection of shell material did not result in hybrid structures. The high
amount of injected sulfur precursor leads to supersaturation, which is higher than
the homogeneous nucleation energy and this result in nucleation and formation of
new particles. The existing PbSe core particles dissolve during the process and
PbS nanoparticles are formed, which is confirmed by EDX measurements. Based
on the results of single injection experiments a new synthesis strategy for shell
formation was used. In the literature, the successive ion layer adsorption and reac-
tion (SILAR) technique as an alternative to multiple injections is often reported.80
There, alternating cationic and anionic precursors for each monolayer are added
and so distinct shells are grown. Adapting this method and using an excess of lead-
oleate in the reaction solution, which stabilises the PbSe core particles, a multiple
injection method is obtained. During the shell growth the concentration of the
added sulfur precursor is so low that homogeneous nucleation cannot take place.
To grow a crystal shell of 2.5 nm around the core, five monolayers of PbS are
needed. The theoretical shell thickness is based on the work of Dresselhaus et al.75
to produce later on arrangements of 5 nm PbSe and 5 nm PbS sections analogously
to Figure 3.16.
To optimise the shell growth and size distribution of the hybrid nanoparticles, the
injection temperature is varied between 50 and 140◦C. As shown in Figure 3.17a,
higher reaction temperatures result in broader absorption peaks up to a complete
‡The results of this chapter were partly obtained within the framework of the bachelor thesis
written by B.Sc. Elke Schade79 under the mentoring of the author.
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Figure 3.16.: Schematic diagram of the postulated superlattice nanowires
from Dresselhaus et al.74. To realise these nanowires core-shell
structures with 5 nm core diameter and 2.5 nm shell thickness are
required.
scattering of the sample at 140◦C. With increasing amount of monolayers (ML),
defects and stacking faults broaden the size distribution, so that only with an in-
jection temperature of 60◦C can five monolayers of PbS be grown on top of the
PbSe cores with an acceptable size distribution. The temperature dependent ag-
glomeration of the hybrid nanoparticles is shown in Figure 3.17b-d and it indicates
that higher temperatures induce faster shell growth and less ordered arrangements
of monolayers so that nanoparticles are growing together. By reducing the reaction
temperature below 60◦C the reactivity of the thioacetamide precursor is strongly
reduced so that only partial shell growth occurs. The addition of shell material
can be measured with absorption spectroscopy because the absorption wavelength
is red-shifted as a consequence of the larger particle size. Calculation of the ex-
act diameter of the hybrid nanoparticles with the Brus-equation cannot be done
because this equation is only valid for monocomponential particles. TEM investi-
gations show the increasing size of the hybrid materials the number of monolayers
increases. The assumed shell thickness from calculation can be assessed using TEM
measurements. Per monolayer the diameter of the nanoparticle increases by 1 nm,
so that after addition of 5 MLs 10 nm sized core-shell nanoparticles result.
To reduce the size distribution of the hybrid material, chloride-ions in form of
lead-chloride (2% referred to lead acetate) have been added to the reaction solu-
tion because it has been reported that chloride-ions can act as a ripening agent.81
Consequently, the shell growth appears homogenous, which results in a lower size
distribution and a more defined absorption maximum. In addition to the injec-
tion temperature, the solvent that the core nanoparticles are in influences the shell
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Figure 3.17.: Influence of the injection temperature during shell growth
and resulting core-shell structures. Higher temperatures lead to
inhomogeneous shell growth and agglomeration, the intergrowth of the
particles during shell synthesis can be observed additionally from TEM
images showing nanoparticles synthesised by the different injection
temperatures.
growth. The core nanoparticle solutions are mixed with octadecene (ODE) as sol-
vent. To remove the initial solvent, the solution is evacuated at 60◦C. In comparison
to the initial solvent, the shell growth differs strongly. If dried nanoparticles are
redissolved in ODE or core nanoparticles in toluene solution are used the result-
ing hybrid materials scatter strongly and show a large amount of agglomerates.
In comparison to that, core solutions with chloroform or hexane show controlled
shell growth. During the evaporation of hexane boiling retardation occurs so that
chloroform is used as the solvent for the PbSe nanoparticles. The background and
the reaction mechanism of these observations are not completely understood until
now and similar results are not reported in literature.
Scale-up of the synthesis is necessary to provide sufficient material for the later
formation of 2D and 3D arrangements of the nanoparticles. Therefore, two and
fourfold synthesis were tried. Though, the twofold synthesis worked best because
agglomerates, which are formed in the normal approach, do not occur presumably
due to the higher mixing rate and so more homogenous shell growth is observed. In
the 4-times basic approach, the particle formation works as well as in the doubled
approach with only the absorption peak becoming broadened by a small amount of
dimer-formation of the nanoparticles. Consequently, the optimal synthesis param-
eters are 60◦C with core particles dissolved in chloroform with an addition of 2%
lead chloride as additive. Additionally, the doubling of the amounts used in the
72
3.4. Core-shell nanoparticles - PbSe/PbS and Au/PbS
(a) (b)
200 400 600 800 1000
0
20
40
60
80
100
re
la
ti
ve
M
a
ss
/
%
Temperature /◦C
20 30 40 50 60 70 80 90
PbSe-PbS
Reference Galena
Reference Clausthalite
In
te
n
si
t y
Scattering Angle 2q /◦
Figure 3.18.: TGA study of PbSe-PbS core-shell particles and their cor-
responding XRD. As a result of the lattice deformation during shell
growth new lattice parameters between the galena and the clausthalite
structure are formed.
basic approach results in hybrid structures with low size distributions. The char-
acterisation of the hybrid materials shows that surface stabilizing ligands are the
same for PbS as for PbSe nanoparticles (measured with FT-IR). Thermal analysis,
see Figure 3.18a, exhibits a new step between the ligand removal (250-400◦C) and
the evaporation of the core material (>750◦C) at 500-600◦C associated with oleic
acid degradation. The crystalline structure of the hybrid material shows reflexes
between the crystal structures of PbSe and PbS bulk materials, which is as a result
of lattice deformation during shell growth, see Figure 3.18b.
3.4.2. Au/PbS core-shell nanoparticles§
Based on the gold nanoparticles, that are described in section 3.2.1 with a diameter
of 5 nm and oleylamine as capping ligand and preferential [111] facets, lead sulphide
is a potential candidate to be used as a shell material to form metal-semiconductor
hybrid materials as a new class of functional materials. In the literature, there
are only few reports about centrosymmetric Au-PbS nanoparticle syntheses. A
two step strategy is reported by Lee et al.83, where firstly gold nanoparticles are
§The results of this chapter were partly obtained within the framework of the master thesis
written by M.Sc. Danny Haubold82 under the mentoring of the author.
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synthesised and in the second step the shell material is grown on top of the core.
Another method is reported by Zhang et al.34 in a four step process. A big benefit
of this method is that single crystalline PbS shells can be solely grown on top
of the gold core which is not reported in the synthesis of Lee et al.83. Firstly,
a silver shell is grown on top of the gold core, then exchanged to an amorphous
silver sulphide shell and afterwards transformed via cation exchange reaction to a
single crystalline PbS shell. A third method is that of Yang et al.84, which uses
PbS nanoparticles as cores onto which gold dots were grown at special facets on
top of the PbS core. All three syntheses were tried with the result that only the
synthesis of Lee et al.83 shows optimisation potential because PbS nanoparticles
are formed as a side product and the heterogeneous nucleation is partially inhibited
as is known from PbSe-PbS core-shell synthesis. The other synthesis strategies did
not show any shell growth and in this case more optimisation steps are required.
Before optimisation of the synthesis of Lee et al.83 is done the reasons for the ho-
mogeneous nucleation of PbS and the inhibited heterogeneous nucleation should
be considered. The main reason is the high lattice mismatch, which is 45.6% be-
tween the [111] facets of PbS and Au. During nucleation three different energies
are important. One is the homogeneous growth energy (Ehom−growth), which repre-
sents the aggregation of similar atoms and ions with the core material or nucleus.
The second energy is the homogeneous nucleation energy (Ehom−nuc), in the case
of the Au-PbS system this represents the formation of new PbS nuclei, and the
third energy is the heterogeneous nucleation energy (Ehet−nuc), which accompanies
the attachment of PbS on top of the gold core surface. Heterogeneous nucleation
strongly varies with the lattice mismatch. As is shown in Figure 3.19, the homo-
geneous nucleation and growth energy of PbS remains independent of the lattice
mismatch and only the heterogeneous nucleation energy varies. If the lattice mis-
match is small, e.g. PbSe-PbS, heterogeneous nucleation is favoured because the
formation of new nuclei shows an energy barrier. In the energy region between
the homogeneous and heterogeneous nucleation (grey arrow) the parameters of the
synthesis can be varied and core-shell nanoparticles will result. Below the hetero-
geneous nucleation energy no nucleation can occur and above the homogeneous
nucleation energy both nucleation steps take place simultaneously. The high lat-
tice mismatch shifts the heterogeneous nucleation energy closer to the homogeneous
nucleation energy so that the energy region within which parameter variation is
feasible gets smaller. The heterogeneous nucleation energy is still lower than the
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Figure 3.19.: Lattice mismatch dependent nucleation and growth energy
levels. Raising the lattice mismatch increases the heterogeneous nu-
cleation energy level so that the region of parameter variation (grey
arrow) is reduced and shell growth becomes more challenging.
homogeneous nucleation energy because energetically the reduction of surface en-
ergy during agglomeration on existing cores is favoured in contrast to the formation
of new surfaces. The calculation of the absolute energy level of the shown ener-
gies is difficult because parameters like reaction temperature, local concentrations
and stirring rate influence the energy levels. For the Au-PbS core-shell synthesis
the reaction parameters have to be chosen first in the region of the heterogeneous
nucleation energy and then have to be reduced to homogeneous growth conditions
for homogeneous shell growth.
On the basis of the synthesis of Lee et al.83 and with the theoretical background
information about the nucleation energies a new synthetic route for the formation
of centrosymmetric core-shell nanoparticles was developed. Additionally, Janus
particles as hybrid structures can be synthesised by parameter variation.
The synthesised gold cores with a diameter of 5 nm in section 3.2.1 and the weak
oleylamine ligands represent the nucleation points for heterogeneous nucleation.
Their variation in morphology results in differently shaped core-shell structures
caused by changes in the shell growth. As precursors for shell formation, lead
oleate and bis(trimethylsilylsulphide) (TMS2S) were used. The high reactivity of
the sulfur source is needed to overcome the energy level of heterogeneous nucle-
ation and to induce multiple nucleation on top of the gold nanoparticles to form
centrosymmetric core-shell structures. Less reactive sulfur precursors would cause
Janus particles as is reported by Shi et al.85. Additionally, the reduction in sulfur
precursor concentration also generates Janus particles. With the highly reactive
TMS2S the reaction could be done at room temperature, but under these consider-
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Figure 3.20.: Absorption spectra of hybrid Au-PbS nanoparticles in the
UV/VIS and IR region. The Au plasmon frequency is shifted
due to the changing dielectric constant of the surrounding media dur-
ing shell growth. The absorption maximum of PbS nanoparticles is
broadened as a consequence of a large size distribution of the domains
in the shell.
ations homogeneous nucleation is preferred so that PbS nanoparticles are formed
as side product. With increasing reaction temperature, heterogeneous nucleation
is favoured and so core-shell particles are formed. It is a fact that the lattice vi-
brations of the core material are stronger at higher temperatures and it may be
that this increases the tolerance between the Au and PbS lattice during nucleation.
Additionally, the injection speed influences the concentration profile of thermally
decomposed TMS2S and also affects the reaction kinetics. Fast injection promotes
homogeneous nucleation and therefore injections over 15 seconds are done to gener-
ate hybrid materials. The ratio of lead and sulfur precursor to the amount of gold
nanoparticles present influences the morphology of the hybrid structure. By reduc-
ing the lead and sulfur amount to 1/6 of the initial concentration Janus particles
can be formed. Characterisation of the Janus particles and the hybrid structures
is done using absorption spectroscopy in the UV/VIS and in the IR region. As
it is shown in Figure 3.20, the plasmon resonance of the gold core is shifted to
higher wavelengths and is also broader than the core spectrum. The red-shift is as
a consequence of the changed dielectric constant in the surroundings of the par-
tially or completely oleylamine covered PbS shell. The decreasing intensity and the
broadening of the peak are results of the higher polydispersity and the differences
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Figure 3.21.: HRTEM and overview images of core-shell and Janus Au-
PbS nanoparticles. While Janus particles always show only one
nucleation point the amount of domains of core-shell particles varies.
Seldomly is only one domain expressed; mostly 2-4 domains are ob-
served because of multiple parallel nucleation and twinned gold cores.
in the PbS domains in the shell material. In the IR region, the absorption peak of
lead sulphide particles is completely diminished and only a broad absorption can
be measured as a consequence of the variances in domain dimensions of PbS in the
shell material. Hence, a broadening of the single absorption peaks can be observed
as shown in the spectra.
The morphology of the Janus and the core-shell particles is shown in Figure 3.21
including the multidomains of the core-shell nanoparticles. The averaged shell
thickness of both particle types varies between 3-5 nm depending on their morphol-
ogy. Besides single crystalline shells, also two and three domain core-shell particles
are formed during synthesis with a higher amount than the single crystalline ones.
By means of fast Fourier transformation (FFT) the relative orientation of the core
crystal lattice and the shell crystal lattice can be determined. The FFTs of the
gold cores show the preferential [111] crystal facet of these particles is as Baletto
et al.66 postulated. 85% of the gold cores show the [111] facets and only 15% have
other crystal facets. The relative orientations of the PbS crystal facets to the [111]
gold facet were determined, but a favoured crystal lattice orientation could not
be found. Only trends could be determined, e.g. the angle between [111]PbS and
gold is always between 60-90◦ and analogously the angle of [200]PbS varies between
35-60◦. The complex morphology also complicates the analysis of the orientation
and the twinning of the gold nanoparticle cores. XRD measurements only show
the reflexes of the gold cores; the PbS domains were not expressed in any signal
because of the small amount of arranged scattering lattice planes.
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Figure 3.22.: FT-IR of oleylamine and oleic acid capped hybrid nanopar-
ticles and their TGA spectra. Oleic acid stabilises the PbS do-
mains of the hybrid particles. Ligand removal takes place starting at
150◦C.
Surface stabilisation of the as-synthesised nanoparticles is done with oleylamine
and oleic acid, where oleylamine binds to the gold surface and oleic acid to the
lead species. The FT-IR measurements, see Figure 3.22, show the particles and
their ligands. The -CH3 and -CH2 vibrations of both ligands are the same and
can be found between 2800-3000 cm−1. The missing C=O vibration at 1706 cm−1
in the particle spectra and the increase in the peak at 1500-1550 cm−1 represents
the carboxylic vibration, see detailed information in section 3.1.1, and suggests the
binding of oleic acid to the PbS part of the particle surface. The amine vibration of
oleylamine at 3400-3350 cm−1 has a low intensity and so it cannot be determined
in the particle spectrum. Based on the fact that oleylamine is a better ligand for
gold nanoparticles than oleic acid, it is expected that it still stabilises the gold
surface.
TGA experiments show nearly the same results as observed for PbS nanoparticles.
Between 150-400◦C a mass loss of 30% is observed where at first parts of the
ligands are removed from the nanoparticle surface. From 600◦C on an endothermic
process takes place and above 800◦C the remaining ligand molecules are removed
and the first lead sulphide parts evaporate after first melting of the shell and
parts of the core (endothermic process). The as-synthesised and characterised
hybrid structures are soluble in tetrachloroethylene and only the Janus particles
are soluble in toluene.
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3.5. Résumé
Having considered all the presented issues the synthesis of monocomponential ma-
terials and monodisperse quasi-spherical nanoparticles can be realised. The opti-
misation of the different preparation techniques results in high reproducibility and
high yields of nanoparticle solution. For semiconductor nanoparticles the absorp-
tion spectra can be taken as a measure for quality control. For metallic nanopar-
ticles TEM measurements are necessary. The covering of the nanoparticle surface
with oleic acid and oleylamine results in long-term stability of the nanoparticle
solution. Heat treatment of the nanoparticles is possible, but ligand degradation
starts at 200◦C. In this case, metallic nanoparticles are more stable than semicon-
ductor nanoparticles with respect to evaporation. Electrostatic capping ligands
like MUA and TMA transfer the metallic nanoparticles into aqueous solution and
stabilise them for a long period of time. In contrast to the low reactivity of gold
nanoparticles and with respect to environmental influences, silver nanoparticles
have to be kept in the dark as otherwise light induced oxidation will take place
and this results in the destabilisation of the nanoparticle solution. All in all, the
as-synthesised nanoparticles are highly monodisperse so that 2D and 3D crystalline
arrangements with an ordered inner structure and high symmetry are possible. In
contrast, the core-shell nanoparticles are inappropriate for highly symmetrical 3D
assemblies. The PbSe-PbS nanoparticles show high monodispersity and good 2D
packaging, but the received amounts per synthesis are too low to form mesocrys-
talline materials. The combination of several syntheses tends to result in larger size
distributions so that stacking faults and point defects occur in the 3D structures.
However, while Au-PbS structures are producible in high yields, their size distribu-
tion and their variation in habitus is too extreme for ordered arrangements, so that
the core-shell nanoparticles are best suited for aerogel formation or layer-by-layer
deposition.
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4. Non-classical crystallisation of
highly symmetrical
three-dimensional mesocrystals
In the present chapter the formation of highly symmetrical and ordered three-
dimensional superstructures, so called mesocrystals, will be presented. After in-
troduction to the destabilization technique used and the presentation of the new
and optimized gas-phase diffusion technique the focus is initially maintained on or-
dered self-assembly of lead sulphide and lead selenide mesocrystals. A description
regarding the building blocks and their ripening processes under air and ambient
conditions is followed by a description of the optimization of formation parame-
ters. Here, temperature, nanoparticle concentration, and solvent/non-solvent com-
binations are examined and optimized to receive large and symmetrically shaped
mesocrystals. Furthermore, the destabilization process is investigated using dy-
namic light scattering experiments in order to follow the agglomeration process.
Also, temperature effects on the ligand shell are determined. In addition to the
arrangement of semiconductor nanoparticles the self-assembly procedure from gold
nanoparticles into mesocrystals is described. The optimization procedure of meso-
crystal formation for metallic nanoparticles is presented along the lines of that as
for the PbS and PbSe nanoparticles. Differences in the size and shape of the semi-
conductor and metal mesocrystals are regarded during comparison of the destabi-
lization process starting with the equation of the building blocks, and for the two
dimensional and three-dimensional arrangement. Consequently, the differences in
the destabilization process are highlighted. For further applications in thermo-
electric and electronic devices, conductivity measurements are undertaken and the
optimization of the conductivity using various methods is presented.
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4.1. Preface
The manipulation of single nanoparticles is not easy to implement in such a way as
to contact them or to introduce them as individual functional units into devices.
Therefore, it is currently expected that 2 dimensional and 3D arrangements will
most likely be employed for applications if they are to become an essential part
of modern nanotechnology.1 In these arrangements the properties of the single
nanoparticle building blocks are still evident but are present within a macroscopic
bulk material which can subsequently be incorporated into devices with already ex-
isting techniques. Important for applications involving these quantum dot solids is
the retention of the special size tuneable properties of the nanoparticular building
blocks. For the production of quantum dot solids self-assembly methods are com-
monly applied whereby the spontaneous organisation of the building blocks into
periodically packed structures is used to advantage. Normally, direct interactions
such as interparticle forces, indirect forces such as templating or external forces
drive particle agglomeration where the modulation of thermodynamic forces influ-
ences the structuring by reaching different local equilibria.2 Mesocrystals form a
special class of quantum dot solid, where the size-dependent properties of the indi-
vidual nanoparticles are maintained in the macroscopic structure and additionally
there are new features that derive from the unique collective properties afforded by
the arrays of ordered particles. Further, mesocrystalline materials display similar
behaviours to single crystalline materials because the nanoparticles are arranged
along a common crystallographic fashion.3
In the literature there are only a few strategies for the production of highly ordered
3D nanoparticle arrangements. The most common technique for their formation
is the so called three-layer supersaturation technique which makes use of a slow
nanoparticle destabilisation in a gradient solvent system of different polarity.4–7
A variant on this is the preparation of ordered structures in small droplets which
employs the slow precipitation of the nanoparticular building blocks with the slow
diffusion of a non-solvent.8 Another commonly employed method is solvent evap-
oration, where a number of different optimised techniques have been reported.9–13
A further template-free approach for dynamic self-assembly is the use of a mix-
ture of oppositely charged nanoparticles for the formation of colloidal crystals.14,15
Additional control over the modulation of the interparticle forces, under equilib-
rium and non-equilibrium conditions in this system can be provided by external
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Figure 4.1.: Engineering interparticle interactions with steric repulsion
The plot shows the total interparticle potential (black) between two 50
nm gold NPs derived as the sum of both van der Waals interactions
(blue) and steric repulsions (red) due to polyethylene glycol ligands
of two different lengths. Due to the compression of the ligands, the
minimum energy separation is smaller than that of the extended ligands
(h), r-2a < 2h.17
stimuli.16
The nanoparticle self-assembly process is not only interesting for further appli-
cations in the fields of magnetic storage, biomedicine diagnostics, optoelectronics,
light emitting devices, photonics, photovoltaics and sensors18 but there is also great
interest in the formation process itself and its analogy to the atomic arrangements
in crystalline structures.12 As a consequence the destabilisation process during crys-
tal formation and the forces that are present during this process are analyzed by
parameter variation and experiments on different time scales. Further, the anal-
ogy to atoms and their arrangement mechanisms depending on the interplay of
different interparticle forces and space filling are regarded in the context of length
scale variation because the length scale of the forces stay constant in contrast to
the increasing size of the nanoparticles, see Figure 4.1. Hence, size variation of
nanoparticles can result in completely different crystalline structures by keeping
all parameters in the system constant and only diversifying indirectly the length
scale of the driving forces.
91
4. Non-classical crystallisation of highly symmetrical 3D mesocrystals
(a) (b)
Figure 4.2.: Pathway of non-classical crystallisation and developed ex-
perimental setup. (a) pathway of non-classical crystallisation with
the steps of temporary stabilisation of nanoparticles and slow structur-
ing on the mesoscale and (b) experimental setup for the slow destabil-
isation of nanoparticle solution with non-solvents over the gas phase
using the principle of non-classical crystallisation with temporally sta-
bilised nanoparticular building blocks.
4.2. Non-classical crystallisation via gas-phase
diffusion technique
To construct superstructures composed of nanoparticles on the mesoscale is chal-
lenging and therefore the route of non-classical crystallisation as first described by
Clfen et al.19 has been implemented. As is presented in Figure 4.2a the nucleation
clusters at first form temporally stabilised nanocrystals which, for the purposes
of this study, equates to the process of nanoparticle synthesis and is focused on
in the chapter dealing with the nanoparticular building blocks. Subsequently, the
as-synthesised building blocks can be used for assembly on the mesoscale.
These arrangement processes takes place via the slow destabilisation of the tem-
porally stabilised nanocrystals using non-solvents diffusing into the nanoparticle
solution and induce a change in solvent polarity and consequently precipitate the
nanoparticles. In order to achieve this, the principle of ether diffusion as used in
supramolecular chemistry was adapted and optimised to bring about the gentle
destabilisation of the nanoparticulate building blocks. As using this method the
non-solvent is transferred via a gas phase diffusion step through the nanoparticle
containing solution; the intermixing is more gentle than that of the usually applied
liquid layer procedure5,20, where the non-solvent stays directly in contact over a
liquid-liquid phase boundary or is separated by a buffer layer. This direct con-
tact of the solvent-non-solvent layer is avoided and in the following procedure the
mixing of solvents or solutions of nearly the same density can be more effectively
controlled and thus the need for a buffer layer is eliminated. The advantage of
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(a) (b)
(c) (d)
500 nm
1 µm 50 µm
100 µm
Figure 4.3.: Mesocrystals of PbS and PbSe nanoparticles prepared with
the liquid-layer technique and the newly developed gas phase
destabilisation technique. The resulting structures from the liquid-
layer technique (a,c) are smaller and less symmetrical due to the in-
termixing during overlay of non-solvent on top of the nanoparticle so-
lution. The gas-phase diffusion technique overcomes this problem and
a more controlled destabilisation follows from this (b,d).
the new method is that on the one hand a better control of the phase boundary
and hindering of the intermixing is achieved and on the other, the presupposed
density gradient that is important for the liquid-layer technique is unnecessary, see
Figure 4.3. However, the vapour pressure of the non-solvent needs to be higher
than for the nanoparticle solution otherwise the solvent transport takes place in
the inverted direction. To overcome this parameter limitation a buffer layer can
be introduced into the system, but this is not required for the destabilisation ex-
periments with PbS, PbSe and Au nanoparticles. Many parameters such as the
solubility of the non-solvent in the NP solution, vapour pressure and temperature
influence the destabilisation rate during mesocrystal formation. The exceptional
advantage of the resulting structures is that they are ordered macroscopic mate-
rials with nanoscopic properties which are derived from the nanoparticular build-
ing blocks. The organic ligand shell surrounding the quantum dots inhibits the
nanoparticles from merging during agglomeration and therefore helps to retain the
advantageous properties of the microscopic building blocks whilst present in the
macroscopic material.
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4.3. Self-assembly of PbS and PbSe nanoparticles
and mesocrystal formation
For the formation of highly ordered, periodic three dimensional structures from
nanoparticles the building blocks play an important role having the potential to
influence each stage of the formation process. For the destabilisation process in-
troduced here we focus on highly monodisperse, nanocrystalline oleic acid capped
PbS and PbSe building blocks. For 3D superlattice formation the monodispersity of
the nanoparticles is fundamentally important in order to obtain a perfectly ordered
close-packed arrangement. Kowalczyk et al.15 have investigated crystalline arrange-
ments formed using polydisperse building blocks and have reported that a size
selective process occurs during the crystallisation of oppositely charged nanoparti-
cles. In addition to the increasing polydispersity the amount of stacking faults and
packing defects in the structures also increases while the size of the superstructures
formed decreases. To avoid this, in the systems reported upon here, samples of
very monodisperse PbS and PbSe nanoparticles have been used. To create sin-
gle crystalline quantum dot solids, where the nanoparticles are arranged along a
common crystallographic direction and possess a crystallographically hierarchical
structure, as is the case for mesocrystals, such crystalline building blocks are ide-
ally required. The building blocks must be single crystalline and without twinning
as this influences the later atomistic-like arrangement within the single crystalline
superstructure (superlattice)21.
For the formation of PbS and PbSe mesocrystals the building blocks with an av-
erage size between 5-10 nm are synthesised (see chapter 3.1 for further details).
During the complete destabilisation procedure the nanoparticles must remain sta-
ble under ambient conditions, which mean remaining stable in solvents such as
toluene and octane in a temperature range of -23◦C up to 45◦C and under air.
Absorption measurements of the nanoparticles over one week show (Figure 4.4a)
a ripening process which is initialised by exposure with air. The monodispersity
of the already quite uniformly sized nanoparticles increases over time. During
this process the nanoparticle size becomes smaller resulting in the first and second
transition bands sharpening and becoming blue-shifted (see Figure 4.4a). A plot
of the radius versus time (Figure 4.4b) shows a first, but only temporary, increase
in size during the first 8 hours for the samples exposed to ambient conditions and
after this a continuous ripening process occurs. This process is only observed in
94
4.3. Self-assembly of PbS and PbSe nanoparticles and mesocrystal formation
(a)
0 20 40 60 80 100 120 140 160
2.50
2.52
2.54
2.56
2.58
2.60
2.62
2.64
2.66
2.68
2.70
R
a
d
iu
s
/
n
m
Time /h
PbS ambient atmosphere
PbS under N2
80
0
10
00
12
00
14
00
16
00
18
00
0
50
100
150
A
b
so
rb
en
ce
T
im
e
/h
Wavelength /nm
(b)
Figure 4.4.: Time dependent ripening process of the initial nanoparticles
under air. (a) Absorbance measurements over time under
air. Peak sharpening of the first and second transition bands is ob-
served which leads to a higher monodispersity of the building blocks.
(b) NP radius over time visualizing the size change during the air in-
duced ripening process. After increasing size the radius first quickly
decreases and then slow down to approximatly a fixed value.
samples exposed to air and takes place in a number of different solvents while sam-
ples under inert gas, but with all other measurement conditions the same, do not
show this ripening process. It can therefore be assumed that during the ripening
process ligands are removed from the surface and the mobility of ions and surface
molecules increases. The size change observed is approximately in the range of
two ionic radii of sulfur (1.84 Å)22 or lead (1.19 Å)22 or in the range of one PbS
unit so that it appears likely that reactive species present in the samples exposed
to air induce surface movement of single ions which may lead to the reduction of
defects on the surface of the quantum dots, and which is energetically preferred
for the minimisation of the surface energy. This process has also been observed in
previous studies23 where oxygen acts as a mediator but presently the reason for
the ripening process is poorly understood and is still under investigation.
4.3.1. Destabilisation parameters
To optimise the production of ordered close-packed 3D structures the effects that
the temperature, nanoparticle concentration and solvent/non-solvent pair have on
the crystallisation process were investigated. In such systems temperature influ-
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ences many parameters such as the solubility of the non-solvent in the nanoparticle
solution, vapour pressure and inter-diffusivity rate to mention just a few. In addi-
tion the solubility of the nanoparticles increases as the temperature is increased.
In this study three different temperatures have been investigated, -23◦C (250 K),
room temperature (25◦C/298 K) and 45◦C (318 K, see Figure 4.5). At 45◦C it is ob-
served that the diffusion of the non-solvent into the solvent occurs very quickly and
hence the rate of destabilisation is relatively high. The agglomerates so produced
therefore display few if any signs of ordering and do not form highly symmetrical
architectures. Instead the precipitated particles form porous layers on the sili-
con wafer in the case of PbSe or only small non-ordered architectures in the case
of PbS. By reducing the temperature the destabilisation rate is decelerated and
the particles have more time to align and order during agglomeration. However,
there appears to be a limit to this advantageous temperature effect as at -23◦C
symmetrical ordered structures can again no longer be found. Born et al.24 have
previously described an analogous phenomenon with gold nanoparticles where ag-
glomerates of gold nanoparticles were formed only when a certain temperature is
exceeded and the agglomeration rate was found not to influence the crystallinity of
the agglomerates so created. Also when the agglomeration was slow non-ordered
agglomerates were present. In dynamic light scattering (DLS) measurements, de-
scribed later in the text, such large agglomerates were not observed at reduced
temperatures but a broadening of the hydrodynamic radius and the presence of
the first small aggregates of nanoparticles was observed at 2◦C, see Figure 4.7. At
lower temperatures it is likely that the ligands experience an enhanced stiffness
which is expected given the fact that oleic acid has a melting point of 17◦C and as
a result the ligands can no longer easily bind together during agglomeration.24–27
This lower flexibility hinders the rearrangement of the inorganic nanoparticle cores
from the point that it hinders the surface diffusion of the nanoparticles with re-
spect to one another. Furthermore, the attractive Van der Waals interactions of
the ligand chains act to reduce the surface diffusion and they are one component,
additional to the reduced ligand flexibility and others, of the energy barrier for
the rearrangement of the nanoparticles. As a result the ligands are unable to form
a well arranged superlattice as has been shown by Wang et al.28 and hence only
small, non-ordered architectures are formed. At room temperature larger ordered
and facetted agglomerates can be found and as such this temperature appears to
be conducive in combining a slower agglomeration rate, minimizing the formation
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Figure 4.5.: Temperature influences on the destabilisation time and the
mesocrystal architecture. Low temperatures increase the ligand
stiffness and hinder the ordered agglomeration; increasing temperature
accelerates the destabilisation and enables ligand movement during ag-
glomeration so that at room temperature the destabilisation rate is op-
timum. Higher temperature induces higher destabilisation rates that
reduces the time scale of ordered self-assembly.
of unordered agglomerates (c.f. 45◦C) and providing a greater flexibility of the lig-
ands so that interparticle rearrangement after first agglomeration is possible (c.f.
-23◦C) which is optimal for mesocrystal formation.
In addition to temperature effects the resulting architectures are also greatly in-
fluenced by the nanoparticle concentration. In solution the particle concentration
impacts upon the mean free path and hence the degree of collision. The rate of
agglomeration in a highly concentrated solution is therefore higher than in solu-
tions with lower amounts of particles. These studies have revealed that a minimum
particle concentration of 1 mg/ml of 5-10 nm sized nanoparticles is required for me-
socrystal formation, with lower particle concentrations resulting in the formation of
small amounts of porous non-ordered structures. The influence of the mass concen-
tration was studied using 5, 10 and 15 mg/ml and two main trends were observed:
i) the mesocrystal size increases at higher concentrations, but in a number of cases
the superstructures merge together and ii) the amount of mesocrystals formed in-
creases as the concentration is increased. Ordered architectures were achieved from
all nanoparticle solutions containing between 5-15 mg/ml of nanoparticles. Using
this effect to our advantage we were then able to optimise the process and synthe-
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sise structures in the size range from 15-350 µm. Another important parameter
investigated was the solvent in which the nanoparticles were dissolved. For the
gas phase method the vapour pressure of the solvent must be smaller than that of
the non-solvent, otherwise the vapour transport is predominantly from the solution
phase to the non-solvent phase. As representative solvents toluene and octane were
used. In toluene both kinds of nanoparticles (PbS and PbSe) are very soluble and
highly concentrated solutions are found to be stable over long periods of time. In
octane the solubility of PbSe nanoparticles is less than in toluene with the result
that the resulting stable concentration of these nanocrystals is much lower than
for toluene. As a result after the addition of the precipitation agent (acetone,
methanol, ethanol, 2-propanol or 1-propanol) a quicker destabilisation occurs and
thick layers composed of PbSe nanoparticles without long-range order can be easily
formed. By contrast however, PbS nanoparticles have a high solubility in octane
and a slower destabilisation rate in comparison to toluene and therefore the for-
mation of well faceted and symmetrical mesocrystals were observed. If one focuses
on PbS nanoparticles formed using octane as solvent and acetone as non-solvent
a change in the habitus of the mesocrystals formed can clearly be observed (see
Figure 4.6). With a concentration of 5 mg/ml the main architectures that result
are trigonal truncated pyramidal shapes. As the concentration is increased to 15
mg/ml twinning plays an important role and the main habitus is octahedral. It
may also be observed that the crystalline structures formed have grown together,
but in the correct crystallographic fashion. Twinning is in this case not only a
function of particle size as Rupich et. al6 have described it, but it is also a func-
tion of particle concentration and the combination of solvent/non-solvent pair used
during the destabilisation process. For example, methanol as non-solvent is not an
optimal non-solvent to use in combination with octane because of its low solubility
in this solvent. As result the precipitation is attenuated and cannot be completed
within the timescales employed here. In contrast to methanol, ethanol, 2-propanol
and 1-propanol all behave in a similar fashion with respect to the mesocrystal habi-
tus after destabilisation with all three non-solvents resulting in the formation of
symmetrically shaped octahedral structures with very distinct facets. The destabil-
isation rate follows the same trend as expected with respect to the boiling points of
the different non-solvents. The structural variety of the structures formed is lowest
for acetone and the resulting architectures are not influenced by the nanoparti-
cle concentration. The largest structural variety can be found when ethanol is
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Figure 4.6.: Non-solvent changes lead to different mesocrystal architec-
tures, shown are the preferential morphologies obtained for the single
octane/non-solvent pairs of PbS (a,b) acetone, (c,d) ethanol, (e,f) 2-
propanol and (g,h) n-propanol
employed as the destabilisation agent, where octahedral, truncated trigonal pyra-
midal, five armed star-like structures and Buckyball structures can be observed,
and hence ethanol as non-solvent does not appear to act as a dominant structure
determining medium. By contrast 2-propanol and n-propanol do appear to in-
fluence the habitus of the mesocrystalline structures. When 2-propanol is used as
non-solvent only twinned structures, Buckyball structures and five-armed stars can
be observed, while n-propanol shows less twinning than 2-propanol with octahe-
dral and a small amount of five armed star structures being found on the substrate.
The branched structure of 2-propanol may account for the higher propensity for
twinning, but the influence of the non-solvent on the structure of the mesocrystals
is still under investigation.
4.3.2. Mechanistical investigations of the destabilisation
process
To understand the formation processes that give rise to such ordered mesostructures
in more detail the evolution of the destabilisation process was monitored in-situ
using DLS. It is not possible to directly measure the destabilisation process with
DLS for all non-solvent systems studied here due to the accompanying changes
in the refractive index of the solvent/non-solvent mixtures. It was necessary that
the refractive index match the solvent/non-solvent pair in order to observe any
changes due to the first steps of agglomeration and therefore a PbS nanoparticle
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Figure 4.7.: Slow destabilisation of PbS nanoparticles with methanol
during DLS measurements show the ligand non-solvent interac-
tion and the following ligand removal which results in agglomeration
and temperature influences on the ligand flexibility and the hydrody-
namic size of the NPs
solution in toluene was slowly destabilised by the drop wise addition of methanol
as non-solvent. In this scheme the nanoparticles may be considered as an inorganic
core surrounded by a bound organic ligand shell, composed of oleic acid and tri-n-
octylphosphine, these ligands behaving in a manner similar to the polymer chains
of polymer brushes due to the limited space present at the nanoparticle surface.
Before the addition of the non-solvent, the pure solvent (toluene) acts as a good sol-
vent for the aliphatic hydrocarbon chains of the oleic acid and tri-n-octylphosphine
i.e. the interaction between the hydrocarbon segments with the solvent molecules
is favoured (Figure 4.7-1). Upon the progressive addition of the non-solvent the
polymer-solvent interaction becomes less favourable due to the changing solvent
polarity which in turn results in the self-interaction between the ligand hydrocar-
100
4.3. Self-assembly of PbS and PbSe nanoparticles and mesocrystal formation
bon chains becoming increasingly more preferred. The significance of this is that
the polymer chains on the surface of the nanoparticle interact more strongly with
their neighbouring ligand chains and consequently bind closer together (Figure 4.7-
2). This unfavourable change in the solvent polarity also results in a closer packed
ligand shell due to ligand contraction towards the nanoparticle surface and this in
turn results in the reduction of the hydrodynamic radius as is shown in Figure 4.7.
Upon further addition of non-solvent ligands are stripped off from the nanoparticle
surface and can be found as single molecules in solution (Figure 4.7-3). This ligand
removal results in further nanoparticle destabilisation and causes the formation of
the first small nanoparticle agglomerates. Through the ongoing addition of non-
solvent the ligand molecules stripped from the surface precipitate due to being less
soluble in the resulting solvent mixture. In addition the lowered ability of any
ligand shell left remaining on the nanoparticle surface to provide sufficient stabili-
sation causes agglomeration (Figure 4.7-4) because of the thermodynamic driving
forces which result due to the higher surface energy of the unadorned nanoparticles
and which can be minimised by the formation of agglomerates. The strongest at-
tractive force during the slow arrangement occurs between the (111) facets of the
single nanoparticles. Seen without ligands the (111) facet has the highest surface
energy because of the presence of uncompensated charge.29 The driving force to-
wards destabilisation is the minimisation of the surface energy and is favoured in
order to stabilise the structure. This results in a face-to-face arrangement inside
the crystalline structure being preferred and this can be observed in the resulting
structure discussed later in the section Crystal structure and internal arrangement
of PbS mesocrystals. The complete agglomeration process can be followed for ag-
glomeration sizes smaller than 6 µm as larger sized objects are out of the detector
range or will quickly precipitate.
Additionally, temperature influences on the ligand shell can be studied with DLS.
Reducing the sample temperature and keeping it constant over a short period of
time results in an increased hydrodynamic radius. Born et al.24 described analogous
results with gold nanoparticles. The ligand shell, which behaves as do polymers,
is stiffer at lower temperatures and so the interactions with the solvent molecu-
les are limited and the polymer chains are inflexible so that the hydrodynamic
radius increases. Unbound oleic acid molecules crystallise at 17◦C. Bound to the
nanoparticles the effect of lower ligand flexibility is observable at 5◦C and below.
The measurement range is limited by our particular DLS equipment because cool-
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ing below 0◦C was not possible. As has been shown from the DLS measurements
and also by Bodnarchuk et al.8, during destabilisation at first agglomerates are
formed in solution and these agglomerates act as nuclei for further crystal growth.
While the processes involved in the positioning of these agglomerates is presently
not fully understood, it is however clear that agglomerates are attached to the
silicon wafer surface and crystal growth takes place there. After their deposition
on the silicon substrate the nuclei agglomerates grow with additional nanoparti-
cles being deposited from solution via destabilisation. We have observed in these
studies that the crystals formed at the bottom of the vertically standing silicon
wafer are normally larger in size. This may be rationalised by the fact that during
destabilisation the non-solvent front is moving from the top of the solution through
to the bottom so that the rate of destabilisation at different depths of the solvent
and hence on different positions of the silicon wafer varies. Therefore at the top
of the silicon wafer the nanoparticles have the shortest period of time to arrange
while those at the bottom positions have the longest. As a consequence of this,
and as Figure 4.8 shows, the effect of the destabilisation rate can be observed by
examining the structures that occur at different depths (vertical positions) along
the substrate as a function of time. At the beginning of the destabilisation pro-
cess i.e. the top of the substrate, the agglomerates that are formed are not as
symmetrical as those found further down. The agglomerates formed consist of
only a small number of nanoparticles and so vacancies inside the structure can
be found as defects and kinks, which are caused by the short agglomeration time
and smaller amounts of material. It appears that the time range is too short for
rearrangement of the nanoparticles and the force to minimise the surface energy
of the mesocrystaline structures is too weak which is given further credence by the
presence of only a small amount of nanoparticle arrangements. In the intermediate
phase of the destabilisation i.e. the middle of the vertical standing silicon wafer,
the structures are larger than those present at the top and begin to display the first
presence of facets and a recognisable crystalline habitus. Compared to the struc-
tures observed at the top of the substrate an additional deposition of nanoparticles
has taken place in order to form the crystalline materials observed. The nanopar-
ticle arrangement is obviously driven by the minimisation of surface energy of the
whole crystalline structure which results in a face-to-face arrangement of the single
nanoparticles into the supercrystal.
The facets with the higher surface energy, due to their lower ligand coverage, are
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Figure 4.8.: Mesocrystal growth on different wafer positions and so varia-
tion of the destabilisation time scale from (a) Si-Wafer top, (b) middle
and (c) bottom
the 111 facets as described by Bealing et al.30 and so the arrangement of the 111
facets through a face-to-face orientation is plausible. Hence, the defects and vacan-
cies observed at the top of the substrate are filled with nanoparticles. The effect
of surface energy minimisation across every single nanoparticle leads to a highly
symmetrical (face-to-face) arrangement which leads to the formation of the first
facetted mesocrystalline structures. At the bottom of the silicon substrate highly
symmetrical and well facetted crystalline structures of PbS and PbSe mesocrystals
can be observed (see Fig. 4.8). The concentration of the ordered agglomerates on
the bottom is significantly higher than at the top and variations in the habitus
may also be observed.
4.3.3. Crystal structure and internal arrangement of PbS
mesocrystals∗
To investigate the inner structure of the PbS mesocrystals different techniques
can be used. Non-destructive examinations are radiation based techniques. Here,
octahedral shaped mesocrystals like that shown in Figure 4.9a have been inves-
tigated with X-ray diffraction. Small angle X-ray scattering (SAXS) will provide
information concerning the nanoparticle arrangement within the mesocrystal while
∗Parts of this section have already been published.21
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Figure 4.9.: SEM image of octahedral shaped PbS mesocrystal and cor-
responding X-ray diffraction pattern. (b) shows SAXS results
with the fcc packaging of the nanoparticular units and (c) represents
the X-ray diffraction of the galena structure inside a mesocrystal illus-
trating the oriented arrangement along the [111] and [110] directions
of the galena structure.21
X-ray diffraction of the whole mesocrystal probes the crystal structure of the single
nanoparticles, and in this case the reflexes are consistent with the galena struc-
ture. Figure 4.9b illustrates the arrangement of the single nanoparticles into a
face centred cubic (fcc) crystal structure, which is not surprising for these kind of
structures and has also been reported in literature.6,7 Particular attention should
be paid to the X-ray scattering data because as the Bragg part of the diffraction
suggests the presence of a texture-dominated material with a high degree of or-
dering of the single nanoparticle units being necessary (Figure 4.9c) in order to
receive such a diffraction pattern. Statistically arranged crystalline building blocks
should show circular scattering. Here, single reflexes can be determined by X-ray
diffraction recorded along the [111] direction of the octahedral mesocrystal, which
indicates a long-range ordering of the single nanoparticles to each other. In the
Figure are shown the (111) and the (200) reflexes of the galena structure, which
should be absent in the X-ray scattering of a single crystalline galena structure
along the [111] direction. The broadening of the (111), (200) and the (220) re-
flexes of the galena is 15-20◦. Both effects, the broadening and the presence of the
(111) and (200) reflexes, suggest a preferred but not perfectly aligned nanoparticle
arrangement along the [111] and the [110] direction of the galena structure.
In contrast to non-destructive methods polishing and cutting procedures can also
be used to investigate the inner structure of the mesocrystals. One advantage
of this is the visual control of these analyses. The non-destructive techniques
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Figure 4.10.: FIB cuts and HRTEM investigation of the inner structure.
The TEM images with FFT inlays representing the different crystal
orientations. (c) Electron diffraction pattern corresponding to (b)
showing the galena and the superstructure ordering.21
are only capable of determining crystalline structures, so that possible amorphous
inner parts may remain undetected. To get a first impression of the sample ho-
mogeneity, polishing of the mesocrystals showed that their internal structure was
without cracks and grain boundaries on the length scale of micrometers. Addi-
tionally the homogeneous inner structure can then be imaged. For measurements
with HRTEM polishing of the structures is not sufficient and so thin cuts via
focused ion beam (FIB) techniques are used to prepare nanoparticle monolayers
(Figure 4.10). Conventional methods such as diamond cutting techniques could
introduce artefacts into the structure, which result from the mechanical stress dur-
ing preparation. FIB techniques avoid this mechanical stress so that the internal
structure can be investigated without having introduced artefacts. Inserting epox-
ide monomers into the structure, to harden it before cutting, lead to uncontrolled
swelling and deformation of the mesocrystaline structure. With the help of three
different orientations of superlattice [111], [100] and [110] (Figure 4.10) measured
after FIB cut and identifying the orientation of the nanoparticular building units
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Figure 4.11.: Simulated arrangements of nanoparticles using different
models. (a) [111] Projection of galena (PbS) crystal structure with
corresponding simulated SAED pattern; (b, c, d) Projections along
the [111] of simulated PbS mesocrystals (models I, II, III) with cor-
responding simulated SAED patterns, illustrating orientational rela-
tionship between superstructure and PbS (galena) nanocrystals reflec-
tions. The sets of equidistant 220, 002 and 111 PbS Bragg reflections
are marked with white, blue and yellow circles, respectively.21
as being fcc, the unit cell of the superstructure was determined as aMesocrystal=15.4
nm. This stands in good agreement with the approximated value calculated for
5.5 nm sized nanoparticles with a ligand shell containing 1.8 nm long oleic acid
molecules.31 Upon examination of the thin cut of the [111] zone in more detail the
FFT shows only (220) reflexes that represent hexagonal symmetry with a lattice
distance of d220 ≈5.4 nm. The corresponding electron diffraction pattern looks
similar to the X-ray diffraction in the wide angle region. Additionally, the small
angle region of the electron diffraction presents the diffraction pattern of the su-
perlattice arrangement and shows hexagonal reflexes because of the highly ordered
nanoparticle arrangement (Figure 4.10).
The PbS mesocrystals presented here are unique and their internal structure is
different from the previous structurally characterised systems reported in litera-
ture.31–33 Here, the truncated octahedral PbS nanoparticles self-assemble into a fcc
superlattice with long-range orientation of the building units while keeping their
preferred crystallographic orientation limited to shorter ranges.
106
4.3. Self-assembly of PbS and PbSe nanoparticles and mesocrystal formation
Figure 4.12.: Comparison of experimental and simulated SAED pattern
recorded along [111]of PbS-mesocrystal. Simulated SAED was
obtained by superposition of ED patterns calculated using proposed
models I, II and III.21
To gain deeper understanding of the mesocrystaline arrangement the internal struc-
ture has been simulated using model structures focussing on the different orien-
tational alignment of the PbS nanoparticles. The basic model represents the ar-
rangement of truncated octahedral PbS nanoparticles as they are described in the
section on nanoparticular building blocks on an fcc Fm3̄m structure with unit cell
parameter of 15.4 nm. The crystallographic orientation of the nanoparticles is kept
coaxial to the fcc lattice that maintains the initial symmetry of the galena crys-
tal lattice. The simulated electron diffraction pattern differs strongly in the wide
angle region from the experimental data so that additional modifications such as
particle rotation are required to fulfil the orientational correlation [111]Mesocrystal ||
[110]Galena. In model II the nanoparticles only in the centre of the unit cell and in
model III additionally at the vertices are rotated. The space-group symmetries of
the colloidal nanocrystal superlattices for models II and III are R3̄m and C2/m,
respectively. The results presented in Figure 4.11 are already closely related to
the experimental electron diffraction patterns, see Figure 4.12. This allows us to
interpret the electron diffraction patterns from the experimental data as being a
superposition of the electron diffractions of the simulated model structures. Both
models represent a close approximation of the single-domains within the multi-
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domain structure of the PbS mesocrystals. Furthermore, a systematic analysis of
the orientational relationships between the single truncated PbS nanoparticles in-
dicates a face-to-face arrangement within the closed packed layers while keeping a
certain degree of orientational mismatch.
4.4. Mesocrystaline arrangement of gold
nanoparticles†
Analogous to the destabilisation of PbS and PbSe nanoparticles the gold nanopar-
ticles are also self-assembled. The gas-phase diffusion method with optimised pa-
rameters as determined for semiconductor nanoparticles is adapted for the slow
destabilisation and arrangement of gold nanoparticles. The as-synthesised gold
nanoparticles described in chapter 3.3.1 with an average diameter of 5 nm and
oleylamine as stabilizing ligand have been used. In comparison to lead chalco-
genide nanoparticles the gold particle morphology is highly twinned and as result
cannot be considered as homogeneous.
4.4.1. Destabilisation parameters
Instead of oleic acid as stabilizing ligand oleylamine is bound to the gold nanopar-
ticle surface. These two ligands only vary in their head group which bounds to the
nanoparticle surface. Hence, the presumption of nearly equal ligand behaviour is
close observed but needs to be confirmed. After testing the temperature depen-
dence of the destabilisation of oleylamine capped gold nanoparticles it was found
that the results are similar to those obtained for the lead chalcogenide destabili-
sation. As is shown in Figure 4.13, increasing temperature results in an increase
in the destabilisation rate and shortens the self-assembly time. Destabilisation at
40◦C takes 2 days on average in comparison to destabilisation at 22◦C which needs
1 week and at 8◦C and -10◦C takes several weeks. As was observed for the previ-
ous optimisation conditions the best 3D arrangements are possible between 8-22◦C.
Higher temperatures hinder a controlled agglomeration due to the high destabili-
sation rate and too short a time for rearrangement. Too low a temperature induces
a higher ligand stiffness and so a reduced ordered agglomeration resembling to sit-
†The results of this chapter were partly obtained within the framework of the bachelor thesis
written by M.Sc. Danny Haubold34 under the mentoring of the author.
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Figure 4.13.: Temperature dependence of mesocrystal formation with
gold nanoparticles. Increasing temperature results in increasing
destabilisation rate reducing the ordered self-assembly. Below the
melting temperature of oleylamine the stiffness of the ligands increases
so that rearrangement is hindered by entanglements.
uation for the oleic acid capped nanoparticles. Analogous to oleic acid, oleylamine
as a molecule freezes below 21◦C. In the temperature range between 8 and 22◦C
the degree of completely arranged mesocrystals present accelerates with increasing
temperature in the same way as that observed for oleic acid capped nanoparticles
with room temperature providing the best results.
The nanoparticle concentration in toluene or octane as solvent influences the in-
terparticle interactions during mesocrystal formation because the strength of the
single forces mostly decrease non-linearly with interparticle distance. Therefore,
it is indispensable for mesocrystal formation to overcome a critical formation con-
centration. For lead sulphide and lead selenide the concentration is 1 mg/ml and
gold nanoparticles must also exceed this critical concentration. Experiments with
higher concentrations, like 5 mg/ml, show highly symmetrical mesocrystals with
sizes in the range of 15-30 µm. Many of the self-assembled structures are not com-
plete and only few of these crystals are observed on top of the silicon wafer, while
at the end of the formation process the amount of dissolved nanoparticles is too
low to end up forming ordered structures. By increasing the mass concentration
of the solution mesocrystals of the same size, but nevertheless completed are de-
termined. Additionally, on the wafer there are many small nuclei that have also
precipitated and which would have been formed at the end of the formation pro-
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Figure 4.14.: SEM images of gold mesocrystals and layers. (a) toluene/-
ethanol, (b) toluene/n-propanol, (c) octane/n-propanol and (d) oc-
tane/acetone, methanol, n-butanol.
cess had the amount of nanoparticles remaining in solution been sufficient to grow
them into bigger structures. Near the saturation concentration of the solutions (15
mg/ml) less ordered but bigger agglomerates, in the size range of 10 µm up to 1
mm, are assembled. Most agglomerates show an intergrowth that results in these
big structures.
As is described for PbS and PbSe nanoparticles the solvent/non-solvent pair in-
fluences the destabilisation rate via the vapour pressure and polarity of the non-
solvent. The lower polarity of the n-octane seems to stabilise the gold nanoparticles
less effectively than the more polar toluene. Consequently, the destabilisation with
n-octane as solvent delivers mostly homogeneous layers with cracks occurring dur-
ing the drying procedure (Figure 4.14). Only n-octane/n-propanol form mainly
trigonal planar structures that intergrow from time to time. Better results for
three-dimensional ordered agglomerations are observable using toluene as solvent
and ethanol or n-propanol as non-solvent. The variety of as-prepared structures
ranging from octahedral mesocrystals through hexagonal structures up to twinned
structures such as five-armed stars, so called “stella quinquangula” (Figure 4.14).
The tendency of ordered arrangements decline below 0◦C and layer arrangements
increases. In comparison to lead chalcogenide mesocrystals the sizes of the gold
mesocrystals (5-30 µm) are much smaller than those of the semiconductors. In addi-
tion, the tendency for twinning and intergrowth is higher for the gold nanoparticles
possibly caused by the multidomain structure of the initial nanoparticles. More-
over, the combination of toluene and n-propanol leads to rosette-like structures
which formed with plate-like structures. All in all the destabilisation parameter
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optimisation does not appear to increase the structure size and hinder the twinning
and intergrowth of the formed mesocrystals.
4.5. Comparison of the destabilisation of lead
chalcogenide and gold nanoparticles‡
The resulting mesocrystals produced using the lead chalcogenide and gold nanopar-
ticles differ mainly in their size and degree of twinning. To get a deeper under-
standing of the formation process and of the inner nanoparticular arrangement all
three steps of mesocrystal formation are considered and compared.
Starting with the nanoparticular building blocks, the size of the zero dimensional
formation units used to form the later structures are regulated so that the dimen-
sion of both sets of particles is similar having an average diameter of 5 nm. Only the
capping ligands vary in their binding head group, for lead chalcogenides it is oleic
acid and for gold nanoparticles oleylamine. Both sets of nanoparticles possess an
alkyl chain that is equal so that the melting point and Van der Waals interactions
between the molecules should be similar. That this may be the case is also indicated
by what is observed in the temperature studies of the formation process and the
thermogravimetric analysis of the building blocks. The main difference between
the building blocks is their crystal structure. The lead chalcogenide nanoparti-
cles are single crystalline and all show the same truncated octahedron morphology.
The gold nanoparticles have a large degree of structural variety ranging from single
crystalline particles up to multidomained, twinned structures. Consequently the
morphology of the single gold nanoparticles is diverse and so too is the interparticle
forces associated with every morphology which could lead to twinned mesocrystals.
To form and examine two dimensional structures, the nanoparticles are placed on a
TEM grid. With the help of FFT the particle orientation of each particle can be de-
termined. For PbS nanoparticles orientations along the [110], [112], [100] and [111]
are observed on the TEM grid. The simulated morphology is shown in Figure 4.15.
Furthermore, the orientational ordering of the single nanoparticles corresponding
to the FFTs is presented. 70% of the investigated nanoparticles possesses the [110]
orientation and 10% the [111] orientation. All other orientations represent interme-
‡Parts of this section have already been accepted in Advanced Materials35 and the results of
this chapter were partly obtained within the framework of the master thesis written by M.Sc.
Danny Haubold36 under the mentoring of the author.
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Figure 4.15.: Comparison of the alignment of PbS and Au 2D nano-
particular layers. (a) represents the observed orientations of PbS
nanoparticles, which are present in the 2D layer (b). (c) Statistical
overview of the orientations present in the PbS nanoparticle layer. (d)
TEM image with the corresponding FFTs of a 2D gold nanoparticle
layer.35
diates between these two configurations with a tilting of 20-30◦. It can be seen that
in such a 2D arrangement the PbS nanoparticles align in the preferred face-to-face
orientation, which can be also found in the 3D mesocrystals. By contrast, the ar-
rangement of gold nanoparticles is difficult to determine because the nanoparticles
are multidomained and the orientation of the single particles cannot be analysed
from the FFTs. Only a few particles show interpretable reflexes in the FFT, but
sometimes also twinning is observed inside the structure. An analysis of the FFTs
of the single particles reveals a random distribution of their relative orientation,
which is in contrast to the reported arrangement of PbS.
The face-to-face orientation of the PbS nanoparticles seen in the two dimensional
assembly is also observed in the 3D mesocrystals. The uniformity of the single
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nanoparticles and the apparently similar forces that drive the assembly towards
the face-to-face orientation that derive from this are able to form highly ordered
mesocrystals with a lower amount of defects. Gold nanoparticles with highly intrin-
sic twinning in their gold crystal structure are less uniform and so a lot of defects
are introduced into the structure during self-assembly and as result less symmetric
mesocrystals are formed. The smaller sizes can be an effect of the higher nucle-
ation rate of the gold nanoparticles during destabilisation because the energy of the
different facets varies strongly depending on the morphology of the nanoparticle.
Fewer stabilised facets of higher energy will form agglomerates earlier than stable
facets so that it is possible that mesocrystal growth stops with a coverage of highly
stabilised nanoparticle facets in comparison to the energy levels of destabilised
facets present in solution.
4.6. Mesocrystal modifications for conductivity
measurements
For later application as thermoelectric material the conductivity of the initial meso-
crystals have to be characterised. Thus, the mesocrystals with their sizes between
10-350 µm have to be contacted via electrodes. Standard equipment for contacting
these 3D samples is not available so that modified techniques have to be used. One
method for contacting the mesocrystals is using interdigitated gold-electrodes with
distances below 50 µm and with macroscopic contacts (Figure 4.16). The meso-
crystals are suspended in a methanol solution to remove some of the surface ligands
and then drop cast from solution on top of the electrodes. Methanol evaporates
and only the mesocrystals are left on top of the gold contacts. Applying a volt-
age between the contacts not give any meaning results as the currents measured
were too small. The mesocrystals can be easily removed from the electrode surface
because the only interaction between the mesocrystals and the gold electrodes is
their inherent adhesion. To enhance the effective forces between the crystals and
the gold electrode linker molecules were utilised, with dithiol-functionalised mole-
cules being especially favourable for this application. As linkers 1,2-Dithiolethane,
1,6-Dithiolhexane and 1,4- Dithiolbenzene are used as was previously reported by
Joseph et al.37 for interconnection of gold nanoparticles. The gold electrodes are
covered with the thiol molecules at a pH<7 to activate the thiol group. After a
number of washing steps the mesocrystals are added to the solution and kept to
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(a)
(c)
(b)
Figure 4.16.: Types of electrode connections on mesocrystals. (a) showing
interdigitated gold-electrodes, (b) AFM measurements in contact mode
and (c) using micrometer screws for electrode connection.
react overnight. After solvent removal the measurements were initiated, but the
resistivity of the mesocrystals is too high or the electrode contact insufficient to
measure conductivity.
Conductivity measurements, done with atomic force microscopy in contact mode,
also provided results showing a high resistivity, similar to the interdigitated gold-
electrodes. Another possibility is to use micrometer screws and an optical mi-
croscope to contact the mesocrystal manually using two electrodes (Figure 4.16).
Unlike the case of the interdigitated gold-electrode the distances of the electrodes
are undefined and additionally, the mesocrystal slightly deforms during contacting
process. Here measurements of the PbS and PbSe mesocrystals show a high re-
sistivity being very near to the limit of detection of the measurement setup. The
high resistivity of the mesocrystals is most likely as a result of the coverage of
the nanoparticle surface with long-chained organic ligands, which hinder electron
transport through the structure.
To reduce the resistivity removal of these surface stabilisers can be achieved in two
ways. One is ligand exchange with conductive and short ligands and the second
pathway is to apply a heat treatment and so decompose the long-chained organic
ligands.
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Figure 4.17.: Mesocrystals after ligand exchange with (a-d) formic acid in
time steps of 10, 30, 90 and 180 minutes and (e, f) with acetic acid
and (g, h) with oxalic acid.
Ligand exchange experiments were carried out with short-chained carboxylic acid
ligands, e.g. formic acid, acetic acid and oxalic acid, see Figure 4.17. The ligand
exchange has been reported on 2D quantum dot films in the literature.38 There-
fore concentrations of 1 mM up to 10 mM acid solutions are used for the ligand
exchange. As reported in the literature oxalic acid shows the highest capability to
exchange the oleic acid ligands completely, but for all three ligand solutions too
long an exposure time and high concentrations of ligand molecules induce etching
at the nanoparticle surface. Hence, different concentrations and exchange times
were tried to optimize the ligand exchange for the 3D mesocrystals. The longest
exposure time was 18 hours with 10 mM carboxylic acid solution in acetonitrile. All
samples show etching and only sponge-like structures are observed after this treat-
ment. Lowering the concentration to 2 mM and varying the reaction-time with
surface etching of the nanoparticles still possible to determine after 10 minutes
even with formic acid, the substance of lowest reactivity. After 3 hours the whole
structure has completely interacted with carboxylic ligands, and only a fragile
sponge-like structure is left. Consequently, the ligand exchange with short-chained
carboxylic acids cannot be adapted from 2D films to mesocrystals because the sur-
face etching and related destruction of the highly ordered arrangement take place.
Also ligand exchange experiments with ligands like butylamine and ammonium
sulphide does not work because the interparticle regions within the whole struc-
ture and not only the surface region must undergo exchange with the new ligands
which influences strongly the stability of the mesocrystaline arrangement.
Another pathway for ligand removal is heat treatment of the mesocrystals. The
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Figure 4.18.: Thermal treatment of PbS mesocrystals. All SEM images
show mesocrystals after a reaction time of 30 minutes with (a) 200◦C,
350◦C, and 500◦C.
TGA-MS measurements of the PbS and PbSe nanoparticles show ligand degrada-
tion starting at 200◦C. Heat treatment at 200◦C, 350◦C and 500◦C with reaction
times of 10, 20 and 30 minutes were investigated (Figure 4.18). All samples heated
to 200◦C and 350◦C possess high resistivity values as measured using a two elec-
trode method. Only the samples at 500◦C and 30 minutes removal time shows
some degree of conductivity, but SEM images show the mesocrystal surface to have
melted , and the nanoparticles to have formed bigger crystalline domains. Already
at 350◦C the domain formation starts after longer exposure times (30 minutes), but
under such conditions the conductivity was not influenced. The TGA-MS exper-
iments show the part decomposition of the protecting and insulating ligand shell
and the partially removed ligands presumably destabilise the surface of the single
building blocks so that PbS and PbSe units are able to move along the nanoparticle
surface and so larger domains that remain insulating are formed, which remains
low in conductivity after partial intergrowth of the whole mesocrystaline structure.
Higher temperatures induce faster and more frequent intergrowth of the nanoparti-
cular units so that a percolation length over the whole structure is built and so the
conductivity increases. Additionally, holes can be found on the molten mesocrys-
tal surface that may be pathways, through which the decomposed ligands of the
inner nanoparticles leave the structure as gaseous products. A more gentle heat
treatment on 2D nanoparticle arrangements were initiated to see if any changes
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Figure 4.19.: Heat treatment of 2D nanoparticular layers. PbS nanoparti-
cles keep their shape and size and start to align along one orientation
(a). First intergrowth can be observed. Gold nanoparticle arrange-
ments melt together to form bigger sizes while detached nanoparticles
kept their shape and size (b).
in the crystallinity and/or ligand removal occurred over time using TEM imaging.
Thus, TEM grids with nanoparticle arrangements were heated under an argon at-
mosphere for 24 hours at 200◦C. As is shown in Figure 4.19, the nanoparticles
are still present in their “initial” form only the interparticle distances are reduced.
Some nanoparticles start to grow together so that longer heat treatment would
likely lead to bigger particle domains. The same experiment for gold nanoparti-
cles, but with 18 hours heating at 200◦C shows big particle domains, where 2D
nanoparticle arrangements had been previously present. Single nanoparticles are
not influenced by the heat treatment because here the higher surface mobility of
the atoms cannot induce intergrowth. Consequently, the experiment shows that
the barrier to surface movement of single gold atoms in comparison to PbS or PbSe
units is lower. Further experiments, are planned to determine more precisely the
conditions under which this occurs.
4.7. Résumé
It could be shown, that the new gas-phase diffusion technique is suitable to form
highly symmetrical and ordered three-dimensional superstructures with semicon-
ductor and metal nanoparticles. Thus the building blocks and their intrinsic crystal
structure influences the mesocrystal formation mainly because during the formation
process not only do nanoparticles arrange into a crystal lattice but additionally the
nanoparticles are aligned along a crystallographic fashion. The single crystalline
PbS and PbSe nanoparticles are able to form large and highly symmetric meso-
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crystals by face-to-face arrangement of the single building blocks. In comparison
gold nanoparticles, with their internal multidomain structure, only form smaller
and less symmetrical mesocrystals with a higher amount of defects and twinning
caused by the differences in the morphology of the building units. Furthermore,
DLS measurements shine some light into the formation process and the tempera-
ture dependence of this process with respect to ligand flexibility. Low temperatures
increase the ligand stiffness and as a consequence, the ordering during agglomer-
ation gets lost through entanglement of the ligands. Moreover, the temperature
also influences the destabilization rate and too high a temperature induces agglom-
eration too quickly so that ordering on this time-scale is no longer possible. Ad-
ditionally the influence of the nanoparticle concentration and solvent/non-solvent
pair has been examined. The internal structure of the PbS mesocrystals gives us a
deeper understanding of the formation and also stabilization of the mesocrystals.
The differences observed in the 2D arrangements of gold and lead chalcogenide
nanoparticles compared to those of the 3D structures, possessing different sizes
and degrees of defect formation, can be explained from the knowledge gained from
the 0D and 2D experiments. The 2D arrangement with the differences in nanopar-
ticular alignment gives additional hints as to the smaller sizes and less symmetrical
shapes of mesocrystals that can be formed with gold nanoparticles. At the end,
the modification of the mesocrystals via ligand exchange and thermal treatment
was presented to realize a higher conductivity for further applications. The long-
chained organic ligands of the mesocrystals act as insulators resulting in a high
resistivity of the structures. In fact as no commercially available standard mea-
surement setups were suitable, a number of different techniques have been used
for the conductivity measurements. Only a thermal treatment of the mesocrystals
increased the conductivity, but the nanoscopic properties are destroyed by surface
melting and so bigger domain sizes result. A more gentle thermal treatment was
undertaken with 2D arrangements in order to follow the merging process.
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5. Nanoparticular Supracrystals via
electrostatic self-assembly in
aqueous media
In this chapter non-classical crystallisation via electrostatic interactions between
nanoparticular building units is presented. The basis of the work presented here
are the publications of the Grzybowski group. All experiments were done during
an internship in this working group and so the same techniques and preparation
methods were used. The supracrystals, prepared by electrostatic self-assembly,
normally contain silver and gold nanoparticles. The purpose of the internship was
to apply the published procedures to semiconductor nanoparticles in order to gen-
erate highly ordered hybrid three-dimensional superstructures. The starting point
of the studies was the nanoparticles with their charged ligand shell. For silver and
gold nanoparticles the syntheses and characterisations are described in the chap-
ter dealing with nanoparticular building blocks. The semiconductor nanoparticles
have an oleic acid stabilising shell and hence the ligand exchange and stability
experiments are presented. After characterisation of the initial nanoparticles the
electrostatic self-assemble procedure and the different material combinations are
discussed. Optimisation of the parameters which influence the structuring on the
mesoscale is determined. Hereby, parameters such as the concentration of nanopar-
ticles, ratio of oppositely charged nanoparticles, solvent/non-solvent ratio and pH
are investigated. Furthermore, the structuring effect of polydisperse nanoparticle
solutions has been reported in the literature. This effect was also investigated dur-
ing the studies. Subsequently, the supracrystals which are formed are characterised
using HRSEM, elemental mapping and small angle X-ray scattering (SAXS) to de-
termine the internal structure. In addition the destabilisation process is examined
and the effects of polydispersity in this special case are considered.
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5.1. Preface
For applications such as optoelectronics1, catalysis2, biological sensing3, high-
density data storage4, IR lasers and detectors and solar cells5 based on nanomate-
rials it is inevitable that nanoparticular arrangements in two or three dimensions
will be utilised. Because of this it is especially necessary to develop further the re-
search field for dealing with controlled agglomeration and self-assembly of metallic
and/or semiconductor nanoparticles. The focus of attention is primarily to pre-
serve the unique nanoscopic properties of the nanoparticles during the formation of
the macroscopic nanoparticular solids. Besides the arrangement techniques relying
on attractive Van der Waals or hard-sphere interactions, the means of assembly
using electrostatic interactions establishes new possibilities and methodologies for
the formation of highly ordered arrangements. The strategy is based on the usage
of oppositely charged ligand molecules stabilizing the nanoparticles in solution and
operates via the long-range organisation of matter at the nanoscale in the pres-
ence of anionicly and cationicly stabilised nanoparticles.6 With this technique, the
possibility exists to overcome the limitations of the all-attractive nature of the in-
terparticle interactions and their usual arrangement in closed-packed structures.7–10
With oppositely charged metal nanoparticles diamond-like lattices were assembled
by Kalsin et al.11. Therefore, equally sized gold and silver nanoparticles capped
with ω-functionalised alkane thiols like 11-mercaptoundecanoic acid (MUA) as an-
ionic stabilizing ligand and N,N,N-trimethyl(11-mercaptoundecyl)ammonium chlo-
ride (TMA) as cationic analogue can be assembled, see figure 5.1a.12 The packed
crystal structure follows from the interplay between the thickness of the screening
layer and the dimensions of the assembling nanoparticles. Precipitation and ag-
glomeration takes place at the point of charge compensation so that titration as a
preparation technique can be easily and advantageously used.13 Inferentially it can
be said, that via the variation of the controlled ligand ratio charged/uncharged on
top of the nanoparticles the amount of positively to negatively charged nanoparti-
cles can be influenced and so presumably changes in nanoparticle arrangement of
the “nano-ions” can occur in a controlled fashion.
Furthermore, Kolny et al.15 and also Shevchenko et al.7 have reported on binary lat-
tices assembled via electrostatic interactions. The binary nanoparticle superlattices
contain different combinations of metallic, semiconductor and magnetic nanopar-
ticles. So arrangements of such colloidal particle combinations, which have been
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10 nm
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(b)
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Figure 5.1.: Arrangement of supracrystals and binary nanoparticle su-
perlattices. (a) Schematic representation of oppositely charged Au
and Ag nanoparticles capped with ω-functionalised alkane thiols and a
supra crystal assembled with the shown nanoparticles.14 (b) TEM im-
ages of binary superlattices assembled with triangular LaF3 nanoplates
and spherical gold nanoparticles.7
reported first by Shevchenko et al.7, are possible and new structures with tune-
able properties can be assembled. Additionally, the arrangement on various length
scales from nanometer sized particles up to the micrometer-scale16,17 are shown and
also shape variation of the building blocks is a powerful tool to create new assem-
blies, as shown in figure 5.1c,d. Leunissen et al.16 also reported the arrangement
of oppositely charged nanoparticles into superlattices. They determined by pa-
rameter variation, that charge neutrality does not dictate the stoichiometry of the
resulting structures as is observed in atomic systems. Moreover, they proved the
existence of oppositely charged nanoparticles inside of the superlattices by melting
them in electric field. All systems regarded in the literature, reported on the con-
comitance of electrostatic, Van der Waals, dipolar and steric repulsion interactions
during particle arrangement. Additionally, entropic factors like space-filling influ-
ence the self-assembly process. The non-equilibrium nature of the self-assembly
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results from the evaporation process during the arrangement and introduces addi-
tional complexity into the system.18
5.2. Ligand exchange and nanoparticle modification
for electrostatic self-assembly
The starting point for electrostatic self-assembly are charged nanoparticles. Gold
and silver nanoparticles with charged surface ligands, their synthesis and char-
acterisation are described in the chapter on nanoparticular building blocks in
section 3.3.2. The gold nanoparticles with their average size of 5.1 nm, dis-
persity (σ) of 13.7% and the silver nanoparticles with their average size of 5.5
nm, dispersity of 9.1% and the gold cores with sizes of about 2 nm are covered
with the stabilising ligands 11-mecaptoundecanoic acid and N,N,N-trimethyl(11-
mercaptoundecyl)ammonium chloride. Self-assembled monolayers of these ligands
have a thickness of 1.63 nm for MUA and 1.9 nm for TMA.19 With the stabilising
ligands on the nanoparticle surface the nanoparticles are soluble in aqueous solu-
tion and are stable and unaggregated. Nanoparticle solutions containing MUA as
ligand have a pH of nearly 10 so that the carboxylic function is deprotonated. To
affirm the results of TEM measurements and determine the surface charge dynamic
light scattering (DLS) experiments were utilised. Gold nanoparticles covered with
MUA show a hydrodynamic diameter of 9.4 nm and a charge of -16.5 mV; the TMA
capped gold nanoparticles have a hydrodynamic diameter of 7.4 nm and show 22.8
mV as the surface charge and the silver TMA species are 8.5 nm in diameter and
have a charge of 21 mV. The averaged hydrodynamic diameter of the gold-cores
with 6.2 nm (Au-MUA-cores) and 7.1 nm for Au-TMA-cores is smaller than the
hydrodynamic diameter of the gold nanoparticles.
Semiconductor nanoparticle synthesis as presented in chapter 3 always results in
oleic acid stabilised nanoparticles soluble in nonpolar solvents so that for electro-
static arrangement the ligand shell must be exchanged. Similar to the gold and sil-
ver nanoparticles the ligands 11-mecaptoundecanoic acid and N,N,N-trimethyl(11-
mercaptoundecyl)ammonium chloride are used. To characterise the newly formed
compounds absorption spectra in the near-infrared region, TEM measurements,
DLS and zeta potential investigations were applied. Thus, the absorption of the
lead sulphide and lead selenide nanoparticles does not change with ligand exchange
because the core material is stable during this procedure and only the carboxyl
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Figure 5.2.: TEM image of PbSe-TMA nanoparticles and zeta poten-
tial of PbS-TMA nanoparticles. Over time the zeta potential is
reduced and the nanoparticles precipitate.
group is removed from the nanoparticle surface and replaced by the thiol function-
ality. Furthermore, TEM measurements (see Figure 5.2) show that the nanopar-
ticles keep their size, but large ordered 2D arrangements cannot be found on the
TEM grid as consequence of the repulsive interactions of the ligand shell. By prob-
ing PbS-MUA and PbSe-MUA nanoparticles using DLS, aggregates of up to 100
nm can be observed, but these agglomerates are stable over time at pH 10. By
contrast PbS-TMA with average hydrodynamic radius of 7.85 nm and PbSe-TMA
nanoparticles with a size of 7.1 nm can be measured. Thereby, the stability of
the TMA aggregates is limited and they precipitate over a 24 hour period. Fol-
lowing the process by measuring the zeta potential and the hydrodynamic radius
the zeta potential is reduced over time and simultaneously bigger agglomerates are
formed, see Figure 5.2 and 5.3. The agglomerates are not uniformly sized and are
amorphous structures without any long- or short-range orientation. Increasing the
nanoparticle stability with pH control or different techniques of ligand exchange
via oleic acid removal with hydrazine and then addition of the TMA ligands were
not successfully.
5.3. Supracrystal formation with oppositely charged
nanoparticles
For the following discussion the following term convention will be used In order
to avoid the permanent mention of the corresponding ligand to nanoparticle core.
Therefore it is taken that the first term used always belongs to the MUA-capped
nanoparticles and the second to TMA-capped particles, e.g. PbS:PbSe means
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Figure 5.3.: Size distribution of the PbS-TMA nanoparticles over time
measured with DLS. Initially the nanoparticles remain separate, but
with decreasing zeta potential agglomeration take place.
PbS-MUA:PbSe-TMA. As reported in literature, the electrostatic interactions are
strongest at the point of charge equality and so the combinations, PbS:PbSe,
PbSe:PbS, PbSe:Au, PbS:Ag, PbS:Au, Au:PbSe and Au:PbS were investigated and
titration experiments were done to identify the point of charge compensation. All
compositions behave similarly and precipitation is detected at equal molar amounts
of the nanoparticles. The precipitate was washed and it was then attempted to re-
dissolve the precipitate, as earlier published. However the nanoparticular building
units only partially return to the solution phase so that as first step of the reported
procedure, i.e. titration and redissolving, was exchanged for direct agitation which
causes precipitation during 24 hours.
5.3.1. PbS:Au
Variation of the parameters mentioned above influences the combination of PbS:Au
and the crystallisation process of the supracrystal formation. During the destabil-
isation and supracrystal formation a number of different parameters can be opti-
mised. Keeping the destabilisation temperature constant at 65◦C the nanoparticle
concentration, the ratio of charged nanoparticles, the amount of H2O to dimethyl-
sulfoxide (DMSO), the pH and the influence of size can be varied. As an initial
starting point the formation of ordered 3D arrangements with a concentration of
1 µmol PbS and 1 µmol Au nanoparticles and a ratio of H2O:DMSO of 2:2 was
first undertaken. As presented in Figure 5.4, the supracrystals are not symmetric
and are small in size. Changing the H2O:DMSO ratio to values above two results
in layers and unordered structures because a higher amount of DMSO, which acts
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Figure 5.4.: SEM images of PbS:Au supracrystals. (a) shows the initially
formed supracrystals with low symmetry, (b) represents the variation of
H2O:DMSO variation to 3:1 and so the formation is not influenced by
non-solvent and (c) shows the destabilisation with a higher nanoparti-
cle concentration. Highly symmetrical supracrystals are formed besides
a side product.
as a non-solvent for the nanoparticles, initiates the precipitation. Above the ratio
of two the agglomeration is not influenced by DMSO and even without the ad-
dition of DMSO the reaction rate is still the same. The same phenomenon with
respect to the DMSO influence is observed during the variation of the concentra-
tion (Figure 5.4). Higher concentrations lead to more symmetric aggregates as a
consequence of a shorter particle distance and so higher agglomeration rate with-
out depletion around the aggregation centres (Figure 5.4). Variations in the ratio
of concentration from 1:1 to 2:1 PbS:Au changes the agglomeration mechanism re-
sulting in one-dimensional agglomeration and unordered self-assembly. Nanowires
with thicknesses of 100 nm are formed of different lengths. Influencing additional
parameters keeps the 1D assembly without changing the size or shape. As the
purpose was to produce 3D structures further experiments in that direction were
not investigated.
Moreover, the pH value of the mixed solution can be varied to affect higher stabil-
ity of the nanoparticle solution. Higher pH values should completely deprotonate
the carboxyl functions of the MUA ligands and so repulsion of the single MUA-
capped nanoparticles should increase and the agglomerates of the initial solution
dissipate. Raising the pH value up to 13 shortens the reaction time of the mixtures
from nearly 24 hours to only 2 hours while bigger agglomerates occur. The depro-
tonation of the MUA ligands not only dissolves the agglomerates, additionally the
electrostatic interactions between the TMA and MUA ligands increase and cause
faster supracrystals formation. Kalsin et al.11 have also reported on the stabilising
effect of polydispersity. In experiments with gold and silver nanoparticles it was
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Figure 5.5.: SEM images of PbS:Au supracrystals with variation of Au-
TMA-core concentration. The core concentration decreases from
left to right from 0.5 /0.25 /0.1 mol and the structures that are gen-
erated below a certain core-concentration are amorphous.
pointed out that equally sized oppositely charged nanoparticles instantly floccu-
late and form amorphous aggregates caused by attraction forces which are too high.
Smaller particles can screen the electrostatic field around the bigger nanoparticles
and so can decelerate the reaction up to the point where completely stable mixed
solutions result. Consequently, only one component should show a bimodal size dis-
tribution to reduce the electrostatic interaction of equally sized nanoparticles in a
way that allows controlled agglomeration to take place. The addition of Au-TMA-
cores to the PbS:Au solution (0.5/0.25/0.1 µmol) slightly stabilises the mixture
by increasing the amount of highly ordered hexagonally shaped supracrystals and
also multiple twinned structures with clear crystal facets. Decreasing the amount
of TMA-cores results in decreasing the symmetry of supracrystals, see Figure 5.5.
In comparison to TMA-cores, MUA-cores slow down the self-assembly process and
reduce the symmetry of supracrystals, so that the facets that are present only can
be guessed at.
5.3.2. Au:PbS
The supracrystal formation process that results from the combination of Au-MUA
nanoparticles with PbS-TMA particles is investigated and optimised. Concen-
tration of the nanoparticle solution as the first parameter change is considered.
When this is done, higher concentrations are found to induce the growth of hexag-
onally shaped plates. Reduction of the particle concentration results in more three-
dimensional growth but with the formation of smaller and less symmetrical ordered
arrangements (Figure 5.6). To optimise the precipitation rate and the speed of ag-
glomeration the H2O:DMSO ratio is varied in the same way as described in section
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Figure 5.6.: Concentration dependent formation of Au:PbS supracrys-
tals. Higher concentrations (9 µmol, a) leads to hexagonally shaped
plates. Lower concentrations (3 µmol, b and 1 µmol, c) show only
small but more three-dimensional agglomerates.
4.2.1. and the effect of the relative changes in the amount of DMSO is the same
as described there. The amount of non-solvent should be high enough to influence
the destabilisation of the nanoparticles. Small amounts only entail the normal
agglomeration between the oppositely charged nanoparticles.
Adjustment of the pH value from 10 to 13 effected a higher agglomeration rate
25 µm1 µm
(a) (b) (c)
5 µm3 µm 5 µm
(d) (e) (f)
2 µm
Figure 5.7.: SEM images of Au:PbS supracrystals with a variation of the
Au-MUA-core and Au-TMA-core concentration at pH 13.
Without cores elongated hexagonal structures are formed (a). Addition
of 0.1 µmol MUA-cores results in thin hexagonal plates (b), above this
concentration MUA-core addition leads to highly symmetrical hexago-
nal prisms (0.2 µmol, c). Au-TMA-cores destabilise the solution with
increasing amount of cores. Furthermore, the amount of amorphous
side products increase with higher core concentration (d 0.1 µmol, e
0.3 µmol and f 0.5 µmol)
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and also bigger agglomerates due to the stronger effective electrostatic interaction.
Surprisingly increasing pH induces the formation of elongated hexagonal structures
in the size range of 5 µm in length and a maximum width of 250 nm (Figure 5.7).
The resulting shapes are uniform and only different in their size with only a small
amount of amorphous structures observed as a side product. Combining the pH
change with the influence of the polydispersity by using Au-TMA-cores and Au-
MUA-cores the size and the uniformity of the supracrystals can be enhanced. The
Au-MUA-cores added to the reaction solution stabilises the PbS-TMA nanoparti-
cles and slows down their precipitation (Figure 5.7). The amount of Au-MUA-cores
influences the self-assembly only slightly because for a given core concentration (0.2
µmol) the reaction time is constant and the resulting supracrystals similar with re-
spect to each other. Smaller concentrations lead to 2D planar hexagonally shaped
sheets. In contrast to the stabilising effect of AU-MUA-cores, the TMA analogue
destabilises the PbS-TMA nanoparticles. Increasing the concentration of the cores
decreases the stability of the solution. This is also observable from the SEM im-
ages because the amount of amorphous side products also rises and the supracrystal
length decreases.
5.3.3. PbSe:PbS, PbS:PbSe, Au:PbS and PbSe:Au and PbS:Ag
It was also tried to optimise the conditions for the different combinations of MUA-
and TMA-capped nanoparticles but in contrast to Au:PbS and PbS:Au only in
few cases were highly ordered symmetrical supracrystals formed, see Figure 5.8.
Especially, the combinations with PbS and PbSe particles and the lower stability
in comparison to the metal nanoparticles and the agglomeration of MUA-species
always results in porous, amorphous structures without near-field or long-range
ordering. For the combinations of metal nanoparticles the same behaviour as re-
ported for Au:PbS and PbS:Au is observed. Higher concentrations induce more
2D hexagonal structures and lower concentrations leads to 3D arrangements which
are more or less symmetrical. Furthermore the variation of the H2O:DMSO ratio
increases the destabilisation as the amount of non-solvent increases. Due to the
resulting supracrystals being small and the large amount of experiments required
employing highly expensive chemicals further optimisation was not attempted.
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Figure 5.8.: Different compositions of supracrystals. (a) shows PbS:Ag, (b)
PbSe:Au, (c) PbS:PbSe and (d) Au:PbSe
5.4. Internal arrangement of Au:PbS supracrystals
and mechanistic investigations on
destabilisation process
At first, the structure and the nanoparticular arrangement inside the supracrys-
tals need to be determined. Therefore, HRSEM images were taken to investigate
the outer structure. The low conductivity of the samples often results in charging
effects on the crystal surface so that high resolution images are difficult to obtain.
On such images the nanoparticles as building units can be determined. The surface
of the resulting supracrystals is obviously not flat so that statements concerning
the nanoparticle arrangement are difficult to make (Figure 5.9). The ordering com-
pared to a hexagonal dense packed layer of nanoparticles differs a lot. To probe
the elemental composition of gold and lead sulfide inside the structure elemental
mapping was done. As shown in Figure 5.10, the elemental mapping found oxygen,
lead and sulphur, but the structure does not contain gold. This means that only
lead sulphide nanoparticles arrange into the hexagonal structure without incorpo-
rating gold nanoparticles. Additional SAXS measurements were made and Figure
5.9 shows the broad peak of scattered light. An internally highly ordered crystal
structure would cause relatively small peaks with their position depending on the
unit cell parameter and the crystal structure. The presence of a broad peak re-
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Figure 5.9.: HRSEM image and SAXS measurements of Au:PbS supra-
crystal. The SEM image presents the surface structure of the supra-
crystal and SAXS measurements show the scattering of the unordered
crystal structure. Both measurements indicate missing long-range in-
teraction between the building blocks.
flects a lower ordering with only near-field arrangements being present i.e. without
long-range order. The surface structure visualised with HRTEM indicates that this
long-range order is indeed missing. One may conclude therefore that in the Au:PbS
supracrystals the building blocks are only PbS-TMA units that agglomerate gen-
erating a near-field ordering without long-range interactions. The parameters of
destabilisation probably influence the outer hexagonal shape.
To shine some light onto the formation process, additional experiments were car-
ried out where the influence of temperature and the Au-MUA nanoparticles were
focused upon. The initial point for the supracrystal formation is the low stability
of the PbS-TMA nanoparticle solution. After ligand exchange the TMA capped
PbS-nanoparticles have enough charged ligands to be soluble in aqueous media, but
the low amount of surface charges leads to agglomeration which takes place over
one day. Additionally, the surface charge of the as-synthesised nanoparticles is so
low that highly charged Au-MUA nanoparticles do not arrange with these particles
but they increase the amount of crystalline PbS agglomerates as a consequence of
the increasing stability of the whole solution. Increasing the concentration of OH-
ions by increasing the pH value leads to faster precipitation because charges of the
ligand shell are screened by these ions. Equivalent to this Au-MUA-cores screen the
PbS-TMA nanoparticles with higher efficiency than the OH- ions. In contrast to
that stable Au-TMA nanoparticles also induce crystal formation of the PbS-TMA
nanoparticles. They increase the agglomeration rate of the unstable PbS nanopar-
ticles due to their surface charge analogous to salting out effects. This also explains
the increasing destabilisation rate by increasing the Au-TMA-core concentration.
The PbS-TMA nanoparticles were excluded from solution because of the repulsive
134
Internal arrangement of Au:PbS supracrystals
(Au) (Si)(O)
(S)(Pb)
Figure 5.10.: Elemental mapping of a Au:PbS supracrystal. The supra-
crystal contains solely lead and sulfur. Gold nanoparticles are only
statistically distributed over the silicon wafer.
interactions of the Au-TMA-cores. Experiments regarding reaction temperature
and Au-TMA-core depending precipitation were done with removing the Au-MUA
nanoparticles and observe the supracrystal formation. In the absence of Au-MUA
nanoparticles hexagonal supracrystals are also formed, see Figure 5.11. Reducing
the temperature of the system to room temperature, the agglomeration is slowed
down and only amorphous structures are formed. Probably the reduction of the
Brownian motion and so lower mobility of the nanoparticles inhibit the formation
of these hexagonal structures.
In some ways this is like the salting out effect but it does not describe the formation
of highly symmetrical crystalline structures. This would only describe the faster
precipitation rate and in the case of Au-MUA nanoparticles the slower destabil-
isation rate, but additionally the Au-TMA and Au-MUA ligands have a highly
charged surface. This effect induces enhanced interactions through the charged
PbS nanoparticles so that it is possible that the PbS nanoparticles overcome the
weak repulsive interactions between other PbS nanoparticles and they agglomerate
so that the organic ligands left on the surface stick together. The effects induced
by the excluded solvent holds the particles together so that they crystallise in a
densely packed hexagonal structure with the result that every nanoparticle has the
lowest contact to the solution and is surrounded by the highest amount of possible
particles. Concentration and temperature influences this reaction mechanism. If
the concentration is to low then there are only a small number of particles which
can agglomerate. Consequently, the agglomerates formed are smaller and less sym-
metrical. Temperature is also important for the solubility of the interacting ligands
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Figure 5.11.: Supracrystals formed by variation of the added core con-
centration and reaction temperature. (a) PbS-TMA with Au-
MUA without seeds at 65◦C, (b) PbS-TMA with Au-MUA and Au-
TMA seeds at 65◦C, (c) PbS-TMA with Au-MUA and Au-TMA seeds
at RT and (d) PbS-TMA with Au-TMA at 65◦C.
on the PbS surface. It was shown for the system of oleic acid-capped PbS nanopar-
ticles that ordered arrangements of nanoparticles in a solvent/non-solvent system
are only formed at temperatures higher than the melting temperature of the surface
ligands. The same phenomenon could take place during the self-assembly of MUA-
and TMA-capped nanoparticles because the melting point of these substances is
around 50◦C.
5.5. Résumé
Non-classical crystallisation with electrostatic interactions was presented using
metal and semiconductor nanoparticles as building blocks. Thereby, the building
units are capped with the surface ligand molecules 11-mecaptoundecanoic acid and
N,N,N-trimethyl(11-mercaptoundecyl)ammonium chloride. The ligand exchange
and the resulting nanoparticles, which are soluble in aqueous media, are shown for
semiconductor nanoparticles. The agglomeration of the charged semiconductor-
MUA species can be reduced by higher pH values. By contrast the semiconductor-
TMA species stay separately in solution but over time the zeta potential of the
nanoparticular units decreases and this induces agglomeration. After the charac-
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terisation of the building blocks the optimisation of different material combinations
is presented. Higher concentrations always lead to more 2D and hexagonal arrange-
ments. Additionally, it was shown that the pH induces faster precipitation of the
lead chalcogenide component by forming more symmetrical supracrystals. More-
over an influence of polydispersity of one component was observed. Small and
charged nanoparticles can stabilise the reaction solution by screening the oppo-
sitely charged nanoparticles. The material combination Au:PbS with addition of
Au-TMA-cores is destabilised by this addition. The PbS nanoparticles are salted
out of the solution. Consequently, the supracrystals formed solely contain PbS
nanoparticles. The internal ordering of these crystals shows only short-range order
without long-range interactions during the formation process. In addition, it was
determined that only Au-TMA-cores are necessary to form these supracrystals i.e.
they occur without the presence of oppositely charged gold nanoparticles. Hence,
the small Au-TMA-cores induce a fast self-assembly of PbS nanoparticles. Tem-
perature is also an important parameter during this process because the surface
ligands have melting points around 50◦C. Below this temperature the precipitate
is always amorphous because of ligands that become caught and so rearrangement
is not possible. This effect was also observed during non-classical crystallisation in
organic media with oleic acid and oleylamine ligands.
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6. Nanoparticle arrangements in
organic matrices and biological
systems
In this chapter the focus is on the arrangement of nanoparticles into hybrid func-
tional materials, in particular, two such systems are described. In the first section,
the preparation strategy for low-bandgap, organic-inorganic composites containing
functional polymers as ligands and PbS nanoparticles as inorganic core material
are presented. Furthermore, ligand exchange of oleic acid ligands for thiophene-
based macroligands is done in order to use the conjugated hybrid material for
photovoltaic applications. The resulting hybrid materials have been characterised
via optical and FT-IR spectroscopy, as well TEM measurements. Additionally,
the photovoltaic properties have been measured. The second part of this chap-
ter deals with a new approach to implement a Förster resonance energy transfer
(FRET) over a liquid-liquid interface. Up to now, FRET has been restricted to
the presence of both components into the same phase. The new construction kit
containing fluorescing nanoparticles, hydrophobins as phase mediator and turbo
red fluorescent protein (tRFP) as acceptor works as a model system by which to
prove the general concepts. The illumination of the semiconductor CdSe nanopar-
ticles result in excited states, which directly transfer the energy over the phase
boundary to the tRFP, which is connected to the phase boundary with the help of
the hydrophobins. The tRFP is used only in the model oil/water system as proof
of concept and can be exchanged with other biological or water soluble proteins
and living cells to use it for further applications. For this reason, the stability over
time, the concentration depending on FRET efficiency and the arrangement of the
components in the system were investigated.
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6.1. Preface
Beside nanoparticle arrangements, hybrid materials composed of nanoparticles and
organic or biological molecules are also of great interest especially for optoelec-
tronic, biotechnological and medical applications.1–7
Blends of polymers and inorganic nanoparticles offer access to a large number of
applications in the field of organic electronics. The nanoparticles act as a light
harvesting centre and show higher efficiencies in comparison to macroscopic bulk
materials because the size tuneable absorption and emission wavelength makes it
possible to use the highly energetic part of the suns spectrum and the IR region
additionally, where normal bulk materials cannot absorb light efficiently. The
generated electron-hole pair must then be separated before recombination takes
place. Directly attached semiconductor polymers like thiophene based structures
with a lower conduction band than the nanoparticle band edge can transport the
electron to an electrode interface. After recombination of the remaining hole with
an induced electron, the process starts from the beginning and electric energy can
be produced.
Polythiophenes are an especially important class of electrically conductive poly-
mers which have been widely used in conductive plastics, batteries, transistors,
OLEDs and sensors.8 In 1980 the first synthesis of unsubstituted polythiophenes
was published8,9 and electrochemical synthesis of these materials has been possible
since 1981.10 Typical conductivities of polythiophenes are below 1000 S/cm, with
conductivities above 1000 S/cm been observed only in a small number of cases, but
this does not affect their usage in optoelectronics.11 Unsubstituted polythiophenes
are highly insoluble and infusible so that side chain substitution with long alkyl
groups are necessary to increase their solubility for later processing.8,12–15
Moreover, nanoparticle hybrid materials are also of great interest for life sciences.16
Of course, the size tuneable optical, electronic and magnetic properties are the main
reason for the use of nanomaterials and in combination with biomolecules and their
optimised binding specificity and functionality this opens up new areas of appli-
cations in cancer therapy or in in vivo single cell stimulation.4,17–21 However, the
different solubility properties of the nanoparticles and the biomolecules are chal-
lenging. Normally, ligand exchange reactions transfer the highly monodisperse
nanoparticles from the organic into the aqueous media. Unfortunately, surface
defects can potentially be introduced during this procedure, with the result that
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the quantum yield of the quantum dots (QDs) decreases dramatically. Also the
chemical stability and photostability of the single nanoparticles decrease in aqueous
media depreciating the quality of the as-synthesised quantum dots. Metal nanopar-
ticles were not influenced by their transfer into organic solvents or were directly
synthesised in aqueous media. Studies with gold nanoparticles showed their ability
to act as targeted contrast agents for photothermal cancer therapy or to serve as
scaffolds for increasingly potent cancer drug delivery to mention only few examples
of these hybrid structures.4,18
6.2. Near-infrared absorbing conjugated
polymer-nanocrystal hybrid systems∗
In the literature, low cost materials for photovoltaic cells, photodetectors, light
emitting diodes and other devices have often been mentioned in combination with
conjugated polymer-nanocrystal hybrid systems.1,2,23–31 For the preparation of these
hybrid materials, thiophene based copolymers are especially well suited because
the synthesis via palladium catalyzed cross coupling along the synthetic routes of
Stille32 or Suzuki29 are well known. Additionally, it has been shown in the liter-
ature, that thiophene based polymers can be applied in hybrid functional mate-
rials29,33,34 and are also suitable as low bandgap copolymers.35,36 As the inorganic
component in the hybrid material semiconductor nanoparticles are favoured be-
cause of their size dependent optical and electronic properties.37 Especially lead
sulphide nanoparticles with their advantageous exciton Bohr radius38,39 are syn-
thetically relatively easy to size tune resulting in changing bandgap energies in
the near infrared region. Also the simple electronic and vibrational spectra of
the nanoparticles allows their application in IR laser technologies, IR detectors,
solar energy panels, bio-assays and window coatings.38,40,41 The bandgap of the as-
synthesised PbS nanoparticles produced via the hot-injection method can be var-
ied between 800-1800 nm.42–45 The combination of the conjugated polymer and the
nanoparticles is favourable for photovoltaic applications because of the properties
of these new functional materials, but also their film preparation via spin-coating
would be a low cost and efficient industrial preparation method.
For the preparation of the above mentioned functional material two components are
∗Parts of this section have already been published.22
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Figure 6.1.: Chemical structure of the received polymers. Both polymers
have a thiophene based backbone and show 4-bromobenzenethiol as an
end group functionalisation to bind effectively at the nanoparticle sur-
face. Polymer [A] represents a donor-donor structure and polymer [B]
a donor-acceptor-donor structure.
necessary. One is lead chalcogenide nanoparticles which absorb the incoming light
and the other component is the polymer chains which should be directly bound
to the nanoparticle surface to transport the excited electron over a conjugated
backbone away from the nanoparticles to the electrode back contact. Therefore,
the size tuneable properties of the lead chalcogenide nanoparticles are important
because the conduction band of the nanoparticles can be shifted to energetically
match the conduction band of the polymer via size variation to enable the electron
flow from particle to polymer. The lead chalcogenide nanoparticles are prepared
via a hot-injection method38 and the size is adjustable over the reaction time. The
particles are sterically stabilised with oleic acid as ligand molecules which keep the
nanoparticles stable in organic solvents. The polymers which were synthesised by
the working group of Professor Holder at University Wuppertal have two different
structures that cause different electronic behaviour. In Figure 6.1 the chemical
structure of both polymers are shown. Polymer [A] is a donor-donor structure
and is based on thiophene and 3-hexylthiophene building blocks. Polymer [B] is a
donor-acceptor-donor copolymer which consists of thiophene and 4,7-bis-(3-hexyl-
thiophen-2-yl)-benzo-[1,2,5]-thiadiazole. Both polymer structures are end-capped
with 4-bromobenzenethiol, which introduces a surface active thiol function into the
polymer as binding site for connecting to the nanoparticle.23,30,46
The weight-average molecular masses of the polymers are around 14900-16000
g/mol, corresponding to a polydispersity index between 1.82 and 2.03. To ver-
ify the molecular weights obtained from gel permeation chromatography (GPC)
and to determine the uniformity of the polymers, MALDI-TOF mass spectrometry
measurements were instigated.47–49 Thereby, peaks with different degrees of poly-
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Table 6.1.: Optical properties of copolymers [A] and [B].
Polymer Absasol Absfilm Eg
a
sol Eg
b
film
(nm) (nm) (eV) (eV)
[A] 496 540 2.50 2.30
[B] 463 540 2.68 2.30
a in toluene solution, b determined on glass.
merisation are observed with peak-to-peak distances for Polymer [B] of 548.8 Da
which reflects the mass of two monomer repetition units. In addition, the results of
the GPC could be confirmed. Both polymers show good solubility in organic sol-
vents and uniform thin films can be produced, which makes them good candidates
for the fabrication of organic semiconductor devices.
To calculate the bandgap, measurements of the optical properties were performed
and the maxima of the spectra are shown in Table 6.1 as well as the bandgaps.
A red-shift is observed when the absorption of the solved polymers is compared
with the polymer films. In the literature as explanation for this effect that is
often given is that the interactions between the polymers in the films are higher
due to their direct arrangement without lowering the interactions with the solvent
molecules in between. These interactions lead to a broadening of the wave function
and so the red-shift is observed. The calculated bandgaps for both polymers are
nearly equal although the donor-donor polymer is electron rich in comparison to
the electron-deficient benzothiadiazol group.
The ligand exchange was performed with oleic acid stabilised PbS nanoparticles
and both polymers. To achieve this both components were mixed in THF and kept
shaking overnight. After ligand exchange takes place addition of the non-solvent,
ethanol followed by slow centrifugation precipitate the nanoparticle-polymer ma-
terial. Slow centrifugation in this step is very important because unbound polymer
and oleic acid can also be precipitated. as cleaning steps the materials are twice
redissolved and precipitated with n-butanol to minimise the presence of unbound
ligands. The resulting powders were dried under vacuum and ligand exchange was
investigated using FT-IR as shown in Figure 6.2. Unfortunately, the thiol group
is not visible in the FT-IR spectra because of the long polymer chain and the low
intensity of the end group. So it is not clear if the bonding of this functionality
to the PbS-nanoparticles takes place. But there is a peak over 3000 cm−1 and
one at 1700 cm−1 which is only present in the polymer and is also observable in
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Figure 6.2.: FT-IR spectra of the polymer, PbS nanoparticle and com-
posite material (a) and with the short chained reference sub-
stance 4-Bromobenzenethiol (b). The present alkyl-chains in the
polymer hinder the interpretation of the ligand exchange. So with a
non alkyl-chain containing reference substance with the same binding
behaviour the ligand exchange was determined using FT-IR measure-
ments.
the nanocomposite. Therefore, one cannot clearly distinguish whether the copoly-
mer is bound to the nanoparticle surface or if it is present as a mixture of both
components.
To probe the ligand exchange the sole end-capping functionality 4-bromobenzene-
thiol was used and FT-IR spectra were performed. From the spectra it is obvious
that the CH2- and CH3-stretching vibration (2750-3100 cm
−1) of the oleic acid and
also the bending vibration (1300-1600 cm−1) no longer exist after ligand exchange
with the end-capping thiol function. Additionally, the SH-vibration at 2564 cm−1 is
lost in the composite which supports the assumption of binding of the SH group to
the nanoparticle. The same behaviour should be shown by the polymer chains, but
the presence of alkyl-chains in the polymers covers their disappearance. Assuming
the same favourable binding of the thiol group of the polymer chains a covalent
interconnection between the polymer and the nanoparticle to form a nanocomposite
is very likely.
The optical characterisation of the nanocomposite materials in the IR region shows
small red-shifts of the composites; see Figure 6.3 and Table 6.2. The observed
small red-shifts can occur because of the changed binding behaviour of the ligand
molecule.30 The intensity of the single solutions is not comparable because after
ligand exchange the concentration of the nanocomposite is not easily distinguished.
In the IR emission the maximum in PbS-[A] is also shifted from 1326 nm to 1333
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Figure 6.3.: Absorption spectra of the polymer, PbS nanoparticle and
composite materials. (a) In the IR region the absorption max-
imum is not affected by ligand exchange. During cleaning the PbS
nanoparticle amount is not distinguishable so that the intensity loss
is only a concentration effect. (b) The electron-donating binding to
the PbS nanoparticle surface shifts the absorption maximum to longer
wavelength. Polymer [B] with its acceptor group is affected stronger.
nm and to 1339 nm with PbS-[B]. In UV-Vis spectra the absorption of composite
[A] shifts only 2 nm to the red, but composite [B] has a red-shift of 13 nm, which
corroborates the assumption of a covalent binding between the two components.
The emission spectra of PbS-[B] support this assumption, but with PbS-[A] a
blue-shift was determined, which cannot be explained using the ideas of covalent
binding.
The colour changes in the UV-Vis spectra are also observable by eye, as is shown
in Figure 6.4. Additionally, in Figure 6.4 TEM images are shownfrom which the
different nanoparticle arrangements before and after ligand exchange can be deter-
mined. PbS with oleic acid ligands, which have an elongated length of 1.8 nm, form
Table 6.2.: Absorption and emission maxima of polymers [A] and [B] as well as of
the composites PbS[A] and PbS[B].
Material Abs UV-Visa Abs near IRb Em UV-Visa Em near IRb
(nm) (nm) (nm) (nm)
[A] 496 - 683 -
[B] 463 - 621 -
PbS-[A] 498 1294 673 1333
PbS-[B] 476 1297 624 1339
Solutions in toluenea or tetrachloroethyleneb. Abs max PbSb: 1286 nm; Em max
PbSb: 1326 nm.
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Figure 6.4.: TEM micrographs of PbS nanoparticles (a,d) and compos-
ite materials (c,f) and photographs of the prepared solutions
(b,e). (a,d) shows the 2D arrangement of oleic acid capped 6 nm sized
PbS nanoparticles. (b,e) present the colour change between the PbS and
polymer solution after ligand exchange has taken place and (c,f) illus-
trates the nanoparticles and their arrangement after ligand exchange.
The longer polymer ligands remain in less ordered arrangements.
hexagonal densely packed layers of equal interparticle distances. In comparison to
that, the ligand exchanged nanoparticles do not form an ordered arrangement.
Also TEM-imaging of the highly organic containing hybrid materials is difficult to
realise because on the one hand the contrast of the samples is really low and on
the other the organic material is not stable in vacuum under an electron beam.
But the images show the higher distances between the nanoparticles and also the
presence of the polymers.
The prepared nanocomposites were further characterised for their photovoltaic
properties at the Light Technology Institute, Karlsruhe Institute of Technology
(KIT). They determined that in the UV-Vis region the PbS nanoparticles lower
the incident photon to electron conversion efficiency, but in the IR region, around
1200 nm, the PbS nanoparticles can harvest sunlight and contribute to the pho-
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tocurrent generation in the solar cell.
6.3. Excitable Oil Droplets - Nanoparticle assisted
FRET across a liquid-liquid phase boundary†
Förster Resonance Energy Transfer (FRET) is a widely used phenomenon for de-
tection and sensor applications on the nanometer scale in one phase systems. Ex-
citation energy is transferred between two fluorescent species, from a donor to an
acceptor, through a dipole-dipole interaction i.e. without the emission and re-
absorption of a photon. Subsequently, the emission of the donor fluorophore is
quenched and the acceptor fluorophore becomes excited. Such systems are ex-
tremely sensitive to changes in distance between donor and acceptor and the effect
decreases as the sixth power of the distance separating the two. In common FRET
cascades the donor and acceptor molecules are located in one phase so that the
distance over which FRET occurs is of the dimensions of the Förster radius51,52.
When FRET occurs, the fluorescence intensity of the acceptor increases while a
decrease in donor fluorescence intensity and fluorescence lifetime takes place51.
In nature FRET is a prevalent concept to guide energy between biological molecu-
les53. These well-known systems are also used in molecular biology for example to
detect protein-protein-interactions54. FRET is not only possible between biological
proteins or molecules, it is also possible to use QDs and transfer energy between
different kinds of nanoparticles55–57. QDs are well suited for this task because they
have a broad absorption spectrum and narrow emission. Furthermore, QDs show
a high photostability and can be synthesised such that they possess a high quan-
tum yield58. The combination of biological molecules and QDs has already been
demonstrated and holds many advantages such as size tuneable absorption and
emission5,59. Also their inherently high photostability and brightness result in an
increase in the efficiency of the FRET process. Despite their many benefits, QDs
are normally synthesised in organic solvents and thus have to be transferred to the
aqueous phase in order to interact with biological samples60,61. The hydrophobic
ligands on the surface of the QDs must be capped with hydrophilic ligands or ex-
changed in an additional post-synthetic step. Unfortunately, surface defects can
potentially be introduced during this procedure, with the result that the quantum
†Parts of this section have already been submitted and are published as a patent50.
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yield of the QDs decreases dramatically. Also the stability and photostability of
the single nanoparticles decrease in aqueous media which results in lower FRET
efficiencies.
6.3.1. The model system
A highly stable and sensitive construction kit to transfer energy via FRET across a
phase boundary was developed to prevent losses in quantum efficiency during phase
transfer. The main advantage of this innovative construction kit is that it contains
QDs in the organic phase and optically active proteins in the aqueous phase. In
the present case, turbo red fluorescent protein (tRFP) was fused to a phase me-
diating protein, e.g. hydrophobins. Finally, the system consists of three tuneable
components: donor, acceptor and phase mediator, which makes it truly adjustable
in comparison to common surface bound FRET systems, where the protein or
dye components are attached directly to the QD surface or indirectly via ligand
molecules.5–7,19,62–64 In comparison to the systems described in the literature, the
system presented here is more dynamically conditioned by self-organisation. Ad-
vantageously, the components are kept in their favourable media maintaining their
optimised properties, with the consequence that phase transfer of single compo-
nents is no longer required. An additional advantage is the self-healing processes at
the liquid-liquid interface as a result of rearrangements and flexible self-assembly.
Hydrophobins possess distinct hydrophobic and hydrophilic patches so that they
perfectly stabilise the oil-water emulsion by driven assembly at the phase bound-
ary. Due to their hydropathy pattern, hydrophobins are predestined to serve as
interfacial anchor domains at various interfaces. Moreover, interfacial adhesion of
hydrophobin-based fusion proteins allows targeted surface functionalisation. Hy-
drophobins are very small proteins with average diameters of about 2.5 nm in
aqueous solution.65,66 Hence, they are able to keep the attached protein domain
closely to the oil/water interface. To avoid potential interferences between two
protein domains, they are separated by a randomly structured linker. The maxi-
mum length of the completely stretched linker is 2.4 nm67. Furthermore, the fused
tRFP domain allows continuous photometric monitoring of the long-term stabil-
ity of excitable oil bodies (EOBs). The red fluorescent protein is characterised
by a high photo- and pH-stability68. For Förster resonance energy transfer the
protein-mediator-complex is within its size dimension in the lower range of Förster
radius so that in this context, it is only necessary to locate another fluorophore on
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the opposite side of the oil/water interface, which offers a suitable overlap in its
emission or excitation spectrum. QDs, due to their tuneable optical properties, are
suitable candidates as they meet many of the aforementioned requirements. II-IV
group semiconductors especially, have been found to have high emission quantum
yields and synthetic routes for their production are well known. Cadmium selenide
(CdSe) QDs and cadmium sulphide/zinc sulphide (CdS/ZnS) core-shell QDs were
used as reliable representatives of this group.
6.3.2. FRET in a hybrid system
The ability of hydrophobin mediated two-phase systems to support FRET at an
oil/water interface were studied. CdSe QDs localised in the organic phase of the
excitable oil bodies were surrounded by tRFP-labelled hydrophobins, which sta-
bilises the oil/water interface, see Figure 6.5. An energy transfer process from
QDs to proteins should be detectable due to the emission spectrum of the CdSe
QDs overlapping with the excitation spectrum of the tRFP as shown in Figure
6.6. Furthermore, the fluorophore components can be separately localised due
to their different emission wavelength. In fact of their excitation/emission spec-
tra, CdSe QDs and tRFP-labelled hydrophobins are detectable using the available
DAPI or DsRed specific filters, respectively (Figure 6.6). Firstly, the QD are ho-
mogeneously distributed inside the oil droplet like the uniform fluorescence shows.
After a certain period of time, a pronounced fluorescent ‘corona was detectable
at the oil/water interface, which leads to the assumption of QD accumulation at
the oil/water interface as result of interaction with protein chimera. As expected,
the tRFP fluorescence was exclusively localised at the oil/water interface, which
confirms that the fusion protein containing hydrophobins and tRFP is attached
to the surface of EOBs. Additionally shown in Figure 6.6 is the drop cap effect
(B2.2) which is a result of the preparation technique. The light filter system and the
adapted excitation/emission settings allow selective excitation of CdSe QDs as well
as the simultaneous detection of the tRFP fluorescence emission. The fluorescence
pattern of B1.3 and B2.3 images is identical to those resulting from protein specific
excitation. The control experiment without QDs (B3.3) shows a weak fluorescence
signal of the proteins. Quantitative analysis confirmed that the signal occurs as
a result of weak tRFP excitation in the range of the QD excitation. Fluorescence
microscopy images indicate a direct interaction between QDs and proteins which is
shown by the increasing fluorescence intensity of the protein during QD excitation.
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Figure 6.5.: Scheme of the hydrophobin mediated two-phase system to
support FRET at an oil/water interface. The CdSe quantum
dots are soluble in organic media and can absorb incoming light. The
stabilizing ligand shell of the quantum dots has the ability to interact
with the hydrophobin proteins. tRFP-labelled class I and class II hy-
drophobins stabilise the oil/water interface and keep the tRFP localised
at this position. Below the Förster radius (∼ 10 nm) energy transfer
from the quantum dots to the tRFP can occur.
A number of different parameters like the character of the protein domain, concen-
trations of the protein chimera and QDs, pH-value and protein stability influences
the FRET phenomenon. Only the tRFP proteins exhibit constant fluorescence
stability over the whole pH range in contrast to hydrophobins as fusion proteins,
which reveal a decrease in fluorescence intensity at lower pH, and additionally, the
fluorescence maximum is shifted to longer wavelengths. Furthermore, the QD con-
centration influences the EOB stability and the efficiency of the FRET process as
they increasingly interact with the protein chimera which results in its enlargement.
The interaction between QD and hydrophobin reduces the effective area of the hy-
drophobic patch of the hydrophobin and indirectly destabilises the interface. The
surface activity of hydrophobins depends on a protein self-assembly process accom-
panied by a conformational change of the molecules at the interface69, which does
not appear to occur during QD interaction. The phenomenon of FRET manifests
itself through an increase in acceptor fluorescence emission which is proportional to
any increases in the donor concentration. The evaluation of the FRET efficiency of
the donor/acceptor system is done by using hydrophobin stabilised 1-Octadecene-
in-water emulsions containing equimolar concentrated solutions of tRFP-tagged
hydrophobins and different CdSe QD concentrations (0.5-2.5%(v/v)). It was also
observed that an increased QD concentration yielded an increase in the emission
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Figure 6.6.: Visualisation of protein/QD interactions at an oil/water
interface using fluorescence microscopy. (A) shows the absorp-
tion/emission spectra of the QDs (left) and proteins (right). Coloured
insets schematically illustrate the applied filter sets used to match the
spectral excitation/emission characteristics of the CdSe QDs (upper
section), tRFP (middle) and the FRET pair (lower section). (B) Im-
ages of 0.5% (v/v) oil-in-water emulsions stabilised by Ccg2-tRFP (300
ng L−1). Samples containing QDs in the oil phase were observed after
1 h (B1) and 3 h (B2) using three different filter sets, as illustrated
in (A). The lower images are ‘false-color’ images. (B3.1-3.3) is the
negative control with no QDs added. Samples were monitored using a
Zeiss ApoTome1 confocal microscope with an exposure time of 500 ms.
maxima of the tRFP-tagged hydrophobin. As a negative control, equimolar emul-
sions without QDs were prepared, which were also used to reveal the base signal.
As expected the measured fluorescence intensities of hybrid systems were usually
higher than the negative control. In this dynamic system the fluorescence emis-
sion of the tRFP-tagged hydrophobins increase over time in the first hour until it
reaches a steady-state. The donor and acceptor fluorophore assemble during this
period of time along the interface, as shown schematically in Figure 6.6, and it was
observed that an increased donor to acceptor ratio gives rise to higher maxima in
the fluorescence intensity, as confirmed by the FRET study. However, over time
an increased donor concentration affects the stability of the EOBs, which results
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in a decrease in the acceptor emission after a given period of time.
6.3.3. Lifetime measurements
To show the existence of non-radiative energy transfer between the semiconductor
QDs and the proteins, lifetime measurements were undertaken. The fluorescence
lifetime is the time which is needed in order for the fluorescence intensity to decrease
to 1/e of the initial value. The decay of the excited state of high quality CdSe QDs,
which is in the range of nanoseconds, normally follows a monoexponential law. The
relaxation process depends on the chemical surroundings of the fluorophore; hence,
lifetime measurements can be used to detect different interactions between the
fluorophore and the chemical environment. The as-synthesised CdSe and CdS/ZnS
QDs have a high quantum yield and follow a non-monoexponential decay on the
timescale of nanoseconds (∼ 11ns) as shown in Figure 6.7. The QD relaxation
processes increase drastically upon the addition of tRFP marked hydrophobin, the
lifetime decreasing by a factor of 11 in magnitude, which indicates a non-radiative
relaxation or energy transfer to another fluorophore. If the QDs were to act as an
energy donor the emission intensity of the energy acceptor should increase. The
exponential decays of the protein with and without QDs show the same results
(data not shown) which indicates that the relaxation processes occurring in both
are the same. However, a time dependent measurement of both reaction systems
shows the increased fluorescence of the protein in the presence of the QDs. The
formation rate of the acceptor fluorescence is nearly the same as the degradation
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Figure 6.7.: Lifetime measurements. Emission decay traces of CdS/ZnS QDs
(0.5% (v/v)) with and without Ccg2-tRFP (300 ng L−1) in an oil/water
emulsion (a). Lifetime of Ccg2-tRFP in the presence or absence of
CdS/ZnS QDs (right) using a 403 nm laser for excitation (b).
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rate of the QD fluorescence which is an additional indication of FRET. As a result,
it may be concluded that energy must be transferred from the QDs via a non-
radiative process to the proteins (FRET) due to the fact that the fluorescence
intensity of the protein increases while the lifetime of the QDs decreases.
6.3.4. Long-term measurements
With particular regard to the application of prospective interfacial FRET systems,
a long durability of EOBs must be guaranteed. The fluorescence intensity of the
tRFP-tagged hydrophobin steadily declines over time. In contrast to this the hybrid
system reaches the fluorescence maximum after two hours which can be explained
with the ‘corona effect described above. After the arrangement of nanoparticles on
the phase boundary the fluorescence declines as was observed by the tRFP-tagged
hydrophobin sample. The fluorescence of the tRFP-tagged hydrophobin in the
hybrid system was approximately six times higher than that of the negative control,
without the addition of QDs, after three days of observation. Results of initial long-
term measurements confirm functional FRET after several days. Extension of the
lifetime can be achieved by the careful synchronisation and optimisation of the
system components.
6.3.5. Perspective applications
As previously mentioned, the EOB setup consists of three adjustable components
that provide several advantages in comparison to the common setups. Applications
in biological systems generally require water-soluble QDs. Therefore, a variety of
techniques, often of a high degree of complexity, have had to be developed to trans-
fer QDs into the aqueous phase. Unfortunately, this usually leads to a dramatic
decrease in their fluorescence quantum yield. A phase transfer becomes unneces-
sary, when both donor and acceptor can be kept in their favoured medium whilst
at the same time fulfilling their required roles. The new setup introduced here
allows the tailoring of EOBs to particular individual needs, e.g. by exchanging
components to increase selectivity. Hence, tailored EOBs can be exploited as effec-
tive signal transducers for the dynamic monitoring of processes or environmental
conditions (e.g. nutrition concentration, pH value or salt content). With regard to
applications in bioanalytics, the possibility to interchange donor and acceptor could
be applied for the in vitro quantification of micronutrients. Another key advantage
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of EOBs is their long-term stability, which is necessary for near-line and long-term
monitoring applications. Zampieri et al. reported on the formation of highly sta-
ble hydrophobin coatings, which can be used to improve the biocompatibility of
materials.70 At the same time, encapsulation of EOBs in hydrophobin matrices
inhibits the leakage of QDs from the oil phase, which is advantageous when using
EOBs in an aqueous surrounding. More importantly, the toxicity of the QDs is
trapped from environment. For this reason, it is in principle feasible to apply EOBs
in biological systems, e.g. for a wide range of medical applications. Considering
applications in biolabelling, this novel technique represents an efficient amplifier
tool for photothermal cancer therapy17,18 using directed cell irradiation or focused
cell heating. Moreover, EOBs represent microstructured two-phase systems, which
offer further advan-tages. The high surface-to-volume ratio of EOBs is advanta-
geous in terms of high mass and heat transfer rates, as well as a narrow residence
time distribution71. A faster system response time improves process control and
product yields. Small-sized systems are also characterised by lower material and
energy consumption72, which is important for technical applications in industry.
Development of artificial systems is an appealing strategy for producing sustainable
fuels73. Unfortunately, biomimetic alternatives possess several disadvantages: first,
synthetic electron mediators are often based on precious and water-unstable metal
compounds74. Secondly, many synthetic materials have low electron transfer rates,
which lead to relatively low efficiencies75. The lower the efficiency the larger the
surface area required for light harvesting. EOBs can offer a promising alternative
for efficient, cell-free hydrogen production. Based on artificial self-assembling pep-
tides and proteins, size-optimised oil-anchoring domains can provide a near-zero
distance between donor and acceptor. Such customised setups enable relatively
short electron transfer fluxes from reaction centres in aqueous solution to synthetic
catalysts, located in the oil phase, and vice versa. Therefore, light could be har-
vested and concentrated by QDs of a different size76. The captured radiant energy
enables the separation of charges across the oil/water interface, whereby an ex-
cited electron is transferred to a reaction centre74. As an example, water could
be oxidised by the accumulated positive charges of QDs and, in addition, the re-
maining negative charges of the reaction centre can reduce chemical compounds to
generate sustainable fuels. Hence, this new methodology has the potential to im-
part a significant and positive impact on many of todays important technological
challenges.
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6.4. Résumé
All in all two functional hybrid systems containing inorganic nanoparticles as light
harvesting part and organic and biological molecules for electron or energy transfer
have been presented. Surface modified PbS nanoparticles capped with thiophene-
based polymer ligands have been synthesised. The end-functionalisation with 4-
bromobenzenethiol introduces a binding site into the polymers, which attaches to
the nanoparticle surface. FT-IR measurements of reference substances confirm the
surface bond of the thiol-group. Measurements of the photovoltaic properties show
the potential application in optoelectronics and photocurrent generation in solar
cells in the IR region. Additionally, the easy handling of the polymer-nanoparticle
solution and the simple processing with spin-coating make these materials attrac-
tive for industrial low cost mass production. In comparison to the direct coupling
of the polymer on the nanoparticle surface Förster resonance energy transfer over
liquid-liquid interface without direct binding of proteins on the nanoparticle sur-
face is reported for the first time. The results of the energy transfer clearly show
that it is possible to transfer energy via FRET from semiconductor nanoparticles
to biological molecules over a phase boundary. Therefore, a test setup containing
CdSe QDs, hydrophobin as a phase mediator and tRFP as an optical active protein,
was examined. These excitable oil droplets show long-term stability and a high
quantum efficiency of the energy transfer. This research has demonstrated that
it is possible to overcome the disadvantages of nanoparticle phase transfer, which
has been reported in the literature, to produce such hybrid structures. In future
projects the model system developed here can be optimised for further applications
by easily changing the components. In this connection perspective applications can
be found in numerous fields e.g. bioanalytics in case of direct monitoring of envi-
ronmental conditions, photothermal cancer therapy with focused cell heating and
modern fuel production.
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7. Summary and Conclusion
The objectives of this thesis were to shine some light onto the process of metal and
semiconductor mesocrystal formation and to find new pathways of non-classical
crystallisation so as to form highly symmetrical meso- and supracrystals. There-
fore, first of all the principles of non-classical crystallisation and the driving forces
for self-assembly were distinguished and an overview of the presently known path-
ways and their driving forces were presented.
From this point on, first of all the building blocks for later self-assembly were
described. The optimisation with respect to narrow size distributions and re-
producibility of the nanoparticle synthesis coupled with high yields were focused
on. The monocomponential nanoparticle syntheses provided monodisperse build-
ing blocks that show highly ordered 2D arrangements. In contrast to the single
crystalline semiconductor nanoparticles these have a preferred alignment with the
noble metal nanoparticles having twinned morphologies with various habitus. Con-
sequently, the 2D arrangement is merely a hexagonal dense packing without pre-
ferred orientation or alignment of the single building units. The stabilisation of
the monocomponential nanoparticles is realised with oleic acid or oleylamine, which
only differ in their to the nanoparticle binding head group. Hence, the stability of
the nanoparticles is nearly equal in solution and also during heat treatment up to
600◦C. At higher temperatures the core material stability influences the behaviour
after the ligand removal.
In comparison to the high yield and narrow size distributions of the monocom-
ponential nanoparticle syntheses the preparation of core-shell materials results, in
the case of PbSe-PbS nanoparticles, in monodisperse nanoparticles but the low
amount of material produced impedes their use for mesocrystal formation. In the
case of Au-PbS nanoparticle synthesis an optimised synthetic route was developed
which provided the opportunity for Janus or core-shell particle production, but the
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quality and structural unity of the particles is low so that arrangements of these
particles into highly ordered 3D structures results in many defects and imperfec-
tions. The multicomponential nanoparticles are inappropriate for the formation of
highly ordered 3D arrangements, but are suitable for film production or gel forma-
tion as well.
Slow destabilisation of the monocomponential nanoparticles using the gas phase
destabilisation method leads to highly ordered and symmetrical mesocrystals af-
ter optimisation of the parameters, i.e. temperature, concentration, solvent/non-
solvent combination etc. Mechanistic investigations using dynamic light scattering
to investigate the agglomeration process show the lower solubility of the ligand
shell with increasing amount of non-solvent and the resulting size reduction. Then
ligand stripping follows and after this agglomeration and precipitation takes place.
The advantage of the gas phase destabilisation technique is the slow interdiffu-
sion of non-solvent into the nanoparticle solution that induces slow agglomeration
so that during agglomeration ordered assembly is possible. Temperature drasti-
cally influences the flexibility of the single ligands, which was also measured with
dynamic light scattering. Reduced temperature increases ligand stiffness which
causes entanglements and less ordered agglomeration. Additionally the uniformity
of the nanoparticle cores affects the resulting structure. Atomistic arrangement of
the semiconductor mesocrystals shows their ordered long-range alignment, form-
ing mesocrystals up to 350 µm diameter. In comparison, metallic mesostructures
only form smaller crystalline structures with a higher amount of defects presumably
caused by the varying morphology of the building units. Furthermore, electrostatic
interactions between oppositely charged nanoparticles were used to arrange mixed
systems. The low stability of the phase transferred lead sulphide nanoparticles
leads to fast agglomeration of monocomponential supracrystals only. The ordering
of the agglomeration and the destabilisation rate increases with increasing amount
of equally charged gold seeds. It appears to work similarly to a salting out of the
less stable PbS nanoparticles. Additionally the increasing pH enhances the stabil-
ity of the mixed nanoparticle solutions by higher amount of ordered arrangements.
The internal ordering of the PbS supracrystals is lower than the alignment of the
PbS building units in mesocrystals. Small angle X-ray scattering experiments show
only a broad peak so that a definitive crystal structure cannot be determined. Also
with HRSEM experiments only a short-range alignment can be observed. In con-
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trast to the slow mesocrystal formation, the supracrystal arrangement is finished
after one hour.
Moreover, the assembly of nanoparticles with organic and biological material was
investigated. Hybrid materials where the nanoparticles act as a light harvesting
system were self-assembled. PbS nanoparticles were coupled with conductive poly-
mers via thiol groups as the binding functionality. Spin coating films were produced
and first experiments show their ability to convert infrared light to an electric signal.
Another energy transfer, this time of UV light to biological proteins, was shown
to occur across a liquid-liquid phase boundary from organic media to the aqueous
solution containing the biological sample. The protein is coupled to a phase me-
diated protein that stabilises the liquid-liquid interface and the nanoparticles are
located in a small oil droplet. The advantage of this system is the separation of the
nanoparticle and the protein and the lower degree synthetic effort required due to
being able to omit a phase transfer, which additionally allows one to keep the high
quantum yield of the nanoparticles. In future projects the model system developed
here can be optimised for further applications by simply and easily changing the
components. In connection with this id that perspective applications can be found
in numerous fields e.g. bioanalytics for direct monitoring of environmental con-
ditions, photothermal cancer therapy using focused cell heating and modern fuel
production.
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A. Appendix
Experimental Section
A.1. Materials
Acetontirile (anhydrous, 99.8%), ammonia (NH3, 28-30%), cadmium(II)oxide
(99.5%), decanoic acid (natural, 98+%), deuterium oxide (D2O, 99.9% atom D), di-
chloromethane (≥99.8%), didodecyldimethylammonium bromide (98%), dimethyl-
sulfoxide (DMSO, ≥99.5%), dodecylamine (≥99%), N,N-dimethylformamide
(DMF, 99.8%, anhydrous), gold(III) chloride trihydrate (99.9%), hydrazine (98%),
hydrazine hydrate (reagent grade), lead acetate trihydrate (99.999%), lead chlo-
ride (99.5%), lead(II)oxide (≥99%), 11-mercaptoundecanoic acid (MUA, 95%), 1-
octadecene (techn.), oleic acid (90%), oxalic acid (98%), silver acetate (purum,
≥99%), trioctylphosphine oxide , tetrabutyl ammonium borohydride (98%), tetra-
chlorethylene (TCE, anhydrous, 99%), tetrahydrofuran (THF, anhydrous, 99%),
1,2,3,4-tetrahydronaphthalene (tetralin, 99%), tetramethylammonium hydroxide
(25%wt. solution in methanol), n- trioctylphosphine oxide (99%) and thioac-
etamide (TA, 99%) were purchased from Sigma-Aldrich.
Acetone (p.a.), chloroform (p.A.), 1,2-Dithiolethane (≥99%), ethanol (p.a.), n-
hexane (p.a.), methanol (p.a.), n-propanol (p.a.), 2-propanol (p.a.), toluene (p.a.)
and octane (p.a.) were obtained from Merck.
Oleylamine (OlAm, 80-90%) was purchased from Acros. Acetic acid (99%) and
formic acid (>98%, p.A.) were purchased from Roth. ChemPur supplied the Se-
lenium powder (99.99+%), Alfa Aesar the 1,4- Dithiolbenzene (97%), ProChimia
Surfaces the N,N,N-trimethyl(11-mercaptoundecyl)-ammonium chloride
(TMA, >95%) and ABCR the tert-butylamine-borane-complex (TBAB, 97%).
Bis(trimethylsilyl)sulfide (TMS2S, purum), diphenylether (DPE, >98%), hexade-
cylamine (>99%) 1,6-hexanedithiol (97%) and tri-n-octylphosphine (TOP, 90%)
were purchased from Fluka.
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All reagents were used as received with the exception of the tri-n-octylphosphine
and hydrazine hydrate, which were first distilled.
A.2. Nanoparticle Synthesis
A.2.1. Synthesis of monodisperse PbS quantum dots
7-10 nm sized PbS nanoparticles were synthesised according to a modified approach
as reported by Nagel et al.1. In a typical synthesis, lead acetate trihydrate (1.14
g, 3 mmol), oleic acid (3.5 ml, 11 mmol), distilled tri-n-octylphosphine (5 ml, 11.2
mmol), and diphenylether (10 ml, 63 mmol) were placed into a three-necked flask,
heated under vacuum at 80◦C for 1 h, and subsequently under argon atmosphere
to 135◦C for 1 h. After temperature stabilization, a first solution, consisting of
thioacetamide (0.08 g, 1.1 mmol), N,N-dimethylformamide (0.4 ml, 5.1 mmol),
and tri-n-octylphosphine (6 ml, 13.5 mmol) is injected. After 10 min, a second
solution, consisting of thioacetamide (0.02 g, 0.3 mmol), N,N-dimethylformamide
(0.1 ml, 1.3 mmol), and tri-n-octylphosphine (0.9 ml, 2 mmol) is injected. The
reaction mixture is quenched after an additional 10 min and the as-synthesised
nanoparticles are precipitated and subsequently washed two times with 1-butanol.
Afterward, the nanoparticles are redissolved in an organic solvent.
PbS nanoparticles with a size of 4-7 nm were synthesised using tri-n-octylphosphine
and oleic acid as stabilizing agents. Typically, a mixture of 0.78 g lead acetate tri-
hydrate (2 mmol), 1.5 ml oleic acid (4.7 mmol), 4 ml distilled tri-n-octylphosphine
(9 mmol) and 6 ml diphenylether (38 mmol) were heated under vacuum for 1 h at
80◦C. The sulfur-precursor solution, comprising 0.05 g thioacetamide (0.67 mmol),
0.25 ml N,N-dimethylformamide (3.3 mmol) and 6 ml tri-n-octylphosphine (13.5
mmol) was injected at 150◦C under argon and the reaction was quenched after
5 minutes. Subsequently, the particle solution was cleaned by precipitation from
1-butanol. The precipitate was washed two times with 1-butanol and afterwards
redissolved in an organic solvent.
PbS nanoparticles with sizes below 4 nm were synthesised analogous to the proce-
dure of Hines et al.2. In a 25 ml three-necked flask 0.08 g lead oxide (0.35 mmol)
were mixed with 4 ml oleic acid under vacuum at 80◦C for 1 h. Under argon atmo-
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sphere the solution was cooled down to 40◦C and a mixture containing 40 µl (0.2
mmol) TMS2S and 2 ml 1-octadecene was injected. Upon injection of the sulphur
source, the colour of the solution changed instantly to black. After a growth time
of 10 minutes the solution was quenched with 1-butanol and cleaned up by using
the precipitation procedure described above.
For spectroscopic investigations tetrachloroethylene or toluene were used as sol-
vents.
A.2.2. Synthesis of monodisperse PbSe quantum dots
The PbSe nanoparticle synthesis was undertaken using the same experimental set-
up as mentioned above and was modified from both the works of Houtepen et al.3
and Brumer et al.4. 0.76 g lead acetate trihydrate (2 mmol), 1.5 ml oleic acid
(4.7 mmol), 8 ml distilled tri-n-octylphosphine (18 mmol) and 2 ml diphenylether
(12.6 mmol) were added to a three-necked flask and heated to 80◦C under vacuum
for 1 hour. After raising the temperature of the mixture to 150◦C under argon
atmosphere the selenium precursor, containing 1.7 ml 1 M tri-n-octylphosphine
selenium (1.7 mmol) and 10 ml diphenylether (63 mmol) was quickly injected. After
10 minutes, the reaction was quenched and the clean-up procedure as described for
the PbS synthesis above was applied. To vary the nanoparticle size the injection
temperature and/or the reaction time was altered.
A.2.3. Synthesis of Au nanoparticles for organic solvents
Gold nanoparticles were synthesised with a modified method from Peng et al.5.
In a 100 ml three-necked flask 0.25 mmol HAuCl4· 3H2O (100 mg) were added
and flushed for 5 minutes with argon. Additionally 11 ml of tetralin and 11 ml of
oleylamine was added. The flask is heated using a double-walled glass beaker for
at least 20 min at 20◦C. The reduction solution containing 43.5 mg (0.50 mmol) of
tert-butylamine-borane (TBAB), 1 ml of tetralin and 1 ml oleylamine was injected
under vigorous stirring to the reaction solution. 60 ml of acetone were used to
quench the particle growth and afterwards the particles are centrifuged, washed
twice with acetone, and redispersed in toluene.
171
A. Experimental Section
A.2.4. Synthesis of Au and Ag nanoparticles for aqueous
solvents
Synthesis of 2-4 nm sized Au-dodecylamine nanoparticles analogue to Jana
et al.6
47.2 mg (0.12 mmol) HAuCl4· 3H2O was dissolved by sonication in 13.2 ml toluene
and 444.2 mg (2.396 mmol) dodecylamine and 554.2 mg (1.198 mmol) didode-
cyldimethylammonium bromide. In a separate vial, fresh solution of 117.1 mg
(0.455 mmol) tetrabutyl ammonium borohydride mixed with 221.7 mg (0.479
mmol) didodecyldimethylammonium bromide in 5.7 ml toluene were prepared by
sonication and rapidly injected to the gold salt solution. Immediately colour change
to dark purple occurs. The reaction mixture was stirred at room temperature over
night.
Synthesis of 5.5 nm sized Au-dodecylamine nanoparticles analogue to Jana
et al.6
The growth solution containing 446.1 mg (1.0 mmol) HAuCl4· 3H2O, 113.4 ml
toluene, 5.248 g (28.306 mmol) dodecylamine and 2.095 g (4.529 mmol) didode-
cyldimethylammonium bromide was mixed by sonication. Furthermore, the as-
prepared gold nanoparticle seeds (2-4 nm sized Au-dodecylamine nanoparticles)
were added to the growth solution and a reduction solution, containing 289.9 mg
(9.059 mmol) anhydrous hydrazine, 2.095 g (4.529 mmol) didodecyldimethylammo-
nium bromide and 43.8 ml of toluene prepared by sonication, was added dropwise
(∼30 min) to the reaction solution and stirred at room temperature over night.
Synthesis of 5 nm sized Ag-dodecylamine nanoparticles analogue to Jana et
al.6
1.720 g (10 mmol) decanoic acid was dissolved in 100 ml of toluene and 32 µL
of anhydrous hydrazin (1.0 mmol) was dissolved by sonication. The solution was
then mixed with 1.0 ml of tetrabutyl ammonium borohydride solution containing
5.1 mg of tetrabutyl ammonium borohydride dissolved in 20 ml of toluene. A so-
lution of 167 mg (1.0 mmol) silver acetate and 371 mg (2.0 mmol) dodecylamine
in 10 ml of toluene was poured into the prepared solution upon stirring. The color
proceeds from milky white within seconds to yellow, orange, and then to a very
deep reddish brown. The reaction is left for 2-4 hours with stirring and then for
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2 days without stirring. The final solution contains 4-6 nm NPs, and some larger
NPs that precipitate.
A.2.5. Synthesis of PbSe/PbS core-shell nanoparticles
In a 25 ml three-necked flask, 0.78 g (2 mmol) lead acetate trihydrate, 1.5 ml (4.7
mmol) oleic acid , 8 ml (18 mmol) TOP and 2 ml of 1-octadecene were heated un-
der vacuum to 80◦C. 0.74 ml of this solution were mixed with 5 ml 1-octadecene,
4.2·10−8 mol PbSe core nanoparticles (concentration determined with absorption
spectra) in chloroform and 2% lead chloride (molar ratio) and heated up under vac-
uum to 60◦C. Then every monolayer formed is produced by injecting the calculated
amounts of thioacetamide and TOP and growth time of 10 minutes (calculation see
reference7). This operation is repeated until the desired number of injections have
been carried out. After ten minutes of growth of the last monolayer, the reaction
is stopped by cooling and the cleaning procedure is applied.
A.2.6. Synthesis of Au/PbS core-shell nanoparticles
In a three-necked flask 115.2 g (304 mmol) lead acetate trihydrate were dispersed
in 5 ml 1-octadecene and 5 ml (15.7 mmol) oleic acid. After purging with argon,
the solution is heated under vacuum to 150◦C and kept at this temperature for
1 h. Gold solution, described in A.2.3 is diluted to the point when 10 µl sample
dispersed in 3 ml of toluene shows a measured absorption of 0.68 at 520 nm. The
sulfur precursor consists of 39 µl (0.185 mmol) TMS2S in 1 ml 1-octadecene. After
cooling the reaction solution to 100◦C under an argon atmosphere and the addition
of 0.75 ml of the prepared gold nanoparticles solution (after removal of toluene) the
reaction is started by the slow addition (over 15 seconds) of the sulfur precursor
solution. After one hour, the solution is quenched by the addition of 6 ml ethanol
and the accompanying temperature drop. The obtained particles are centrifuged,
washed with ethanol and redispersed in TCE. For the synthesis of Janus hybrid
particles, the amounts of the corresponding precursors used are 76.6 mg (202 mmol)
of lead acetate trihydrate, 1 ml Au nanoparticle solution and 26 µl (0.123 mmol)
TMS2S.
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A.2.7. Synthesis of CdSe nanoparticles for FRET
In a typical synthesis 4 ml of a 4 mmol cadmium oxide, 6.3 ml oleic acid (20 mmol)
and 40 ml 1-octadecene stock solution were loaded with 2 g of trioctylphoshi-
neoxide (5 mmol) and 2 g of hexadecylamine (8.3 mmol) into a three-necked
flask, heated under vacuum for 1 hour at 100◦C and subsequently the tempera-
ture raised to 270◦C under argon. After the temperature stabilised, 2 ml ODE, 1.6
ml trioctylphosphine and 0.4 ml trioctylphosphine mixed with Selenium powder
(1 M) were injected. The reaction solution was quenched after 10 seconds and
the as-synthesised nanoparticles were precipitated and subsequently washed twice
with methanol and 2-propanol. Afterwards the nanoparticles were redissolved in
1-octadecene.
A.3. Ligand exchange
A.3.1. Ligand exchange on metal nanoparticles
11-mercaptoundecanoic acid
The toluene solution of Au-dodecalamine or Ag-dodecylamine NPs (50 ml) was
precipitated with 50 ml methanol (takes 2 h). The precipitate formed was allowed
to settle down and the supernatant was removed. The precipitate was dissolved
in toluene (30 ml) and 1 mmol MUA thiol in 20 ml CH2Cl2 was added. The
NPs precipitated from the toluene were let to settle out during ∼2 h. Solvents
were then removed and the precipitate was washed 3x with 20 ml CH2Cl2. After
this, the addition of tetramethylammonium hydroxide (100µL, 25%wt. solution in
methanol) caused precipitation of deprotonated NPs. The solvents were removed
and the solid was washed with 50 ml acetone and methanol. Finally, the product
was dried and dissolved in ∼10 ml of deionised water.
N,N,N-trimethyl(11-mercaptoundecyl)-ammonium chloride
The toluene solution of Au-dodecalamine or Ag-dodecylamine NPs (50 ml) was
precipitated with 50 ml methanol (takes 2 h). The precipitate formed was allowed
to settle out and the supernatant was removed. The precipitate was then dissolved
in 10 ml toluene and precipitated with 100 µmol TMA thiol in 20 ml CH2Cl2.
The solvents were removed and the precipitate was washed 3x with 20 ml CH2Cl2.
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After this, the nanoparticles were precipitated with 50 ml acetone, washed with
acetone and dried before they are dissolved in ∼10 ml of deionised water.
A.3.2. Ligand exchange on semiconductor nanoparticles
11-mercaptoundecanoic acid
For the modification of the nanoparticles with MUA 1 ml of a solution containing
0.2184 g MUA, 5 ml methanol and with the pH adjusted to >10 with NH3 was
mixed with 100 µl PbS or PbSe nanoparticle solution (standard synthesis dessolved
in 3 ml toluene). After briefly shaking, the solution was centrifuged and the re-
sulting sediment redispersed in methanol and again centrifuged. The precipitate
was shortly dried in air flow and then dissolved in 500 µl deionised water.
N,N,N-trimethyl(11-mercaptoundecyl)-ammonium chloride
The toluene solution of PbS or PbSe NPs, containing 10 µmol PbS or PbSe, was
mixed with 50 µmol TMA thiol, 3 ml methanol and 3 ml hexane. After intense
shaking and addition of 100 µl acetic acid, the precipitate formed was allowed to
settle out and supernatant was removed. The precipitate was washed 3x with 20 ml
CH2Cl2. After this, the nanoparticles were washed with acetone and dried before
they are dissolved in 5 ml of deionised water with 2.5 µl tetramethylammonium
hydroxide (25%wt. solution in methanol).
A.3.3. Ligand exchange with conductive polymers
In general, PbS-copolymer composites PbS-[A] and PbS-[B] were synthesised by
treatment of PbS nanoparticles with [A] and [B]. First, the PbS nanoparticles (5
mg) were mixed in 1 ml of a solution of THF with the thiol-functionalised polymer
(10 mg/ml) and stirred overnight. After precipitation with ethanol, washing two
times with n-butanol and centrifuged slowly to separate the nanocomposite from
unbound polymer. After drying under vacuum, two nanocomposite-like materials
PbS-[A] and PbS-[B] were obtained as powders.
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A.4. Mesocrystal formation
The crystallization of semiconductor and metal nanoparticles was carried out using
a gas phase destabilization technique. 1 ml of concentrated nanoparticle solution
(0.25-15.0 mg/ml) was placed in a 3 ml glass vial containing a vertically standing
silicon wafer. This set up was then placed into a second snap cap vial filled with
2 ml of a non-solvent such as acetone, methanol, ethanol, 2-propanol, n-propanol
or n-butanol. This allows for a slow destabilization to take place via a gas phase
diffusion process the rate of which could be further controlled by the application
of different temperatures (-23◦C, 10◦C, 25◦C and 45◦C). All apertures were sealed
and kept in the dark in a faraday cage during the time that the destabilization was
taking place.
A.5. Supracrystal preparation
In a typical procedure, solution of TMA-capped nanoparticles (0.5-9 µM) was
added to a MUA-capped nanoparticle solution (0.5-9 µM). The mixture of the
aqueous solution were adjusted to specific pH and a DMSO aliquot was added to
the mixture which was then heated in an open vial immersed in a 65◦C water bath
until a black precipitate was formed. DMSO was decanted and the precipitate
washed several times with acetonitrile. The mixture of crystals was then analysed
by TEM and SEM and also small angle X-ray diffraction.
A.6. Preparation of EOBs
In preparation for constructing excitable oil droplets, a protein solution in Tris
buffer (50 mM, pH 8.5) was sonicated (2:2, 4 cycl., 75%, 4◦CC) for 20s to break
multiple protein structures. Semiconductor quantum dots, dissolved in octadecene
were placed at the bottom of an Eppendorf tube. One third of the total protein
solution was added, followed by ultrasonication (5 cycl., 75%) for 20s. To stabilise
the EOBs, a further third of the protein solution was added and mixed well. The
sample was allowed to cool down for 5 minutes. Afterwards, the sonication was
repeated one more time, before adding the remaining protein solution.
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A.7.1. Optical absorption measurements
NIR absorption spectra of the lead chalcogenide quantum dots were collected using
a Cary 5000 spectrophotometer from Varian. For spectroscopic investigations of the
as-synthesised particles, TCE solutions of the nanoparticles were used. Subsequent
to the ligand exchange, deuterium oxide was used as solvent. UV/Vis absorption
spectra of the CdSe, metal nanoparticles and the polymer were collected using a
Cary 50 spectrophotometer from Varian and a UV-1650 PC from Shimadzu and the
as-synthesised particles were dispersed in toluene. The ligand-exchanged particles
were characterised using water as solvent.
A.7.2. Fluorescence measurements
Fluorescence measurements were performed using a FluoroMax-4 spectro-fluoro-
meter (Horiba Jobin Yvon Inc., Edison, NJ) with an excitation wavelength of 320
nm. All spectra were recorded at room temperature and gap widths of excitation
and emission monochromator of 2 nm.
Fluorescence intensity of purified proteins and EOBs was quantitatively determined
as arbitrary units (a.u.) by spectrophotometry using a TECAN Infinite M200
microplate reader (TECAN Group Ltd., Switzerland). For statistical significance
three 100 µL aliquots of each prepared sample were distributed on a black 96-well
plate. Excitation/emission wavelength and the gain depends on the fluorophore
to be detected but were kept constant during any one experiment. Due to the
excitation/emission bandwidth, applied values were set at least 30 nm apart from
each other.
For microscopy of the EOBs, samples were mounted on a microscopy slide and
covered with a cover slip. Bright field and fluorescence microscopy images were
acquired with an Axio Observer.Z1 (Carl Zeiss Microimaging GmbH, Germany)
inverted microscope using FS49 DAPI and FS43 DsRed filters. For confocal anal-
ysis of EODs, spectra were acquired on an ApoTome1 microscope (Carl Zeiss Mi-
croimaging GmbH, Germany) using the same filters as well as a specially adapted
DAPIExc-Cy3Em filter. Image overlays and z-stack merge were performed using
the BZ Analyzer or Zeiss AxioVision software platform.
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A.7.3. Lifetime measurements
Emission spectra and lifetimes of purified proteins, QDs and EODs were mea-
sured with a Fluorlog-3 spectrofluorimeter from HORIBA Jobin Yvon employing
NanoLEDs emitting at 403 nm and 470 nm. All measurements were performed at
room temperature.
A.7.4. Fourier Transformation-Infrared spectroscopy
The absorption properties in the infrared region were determined using a Nicolet
8700 FT-IR spectrometer from Thermo Scientific Company with a Smart iTR
diamond plate attenuated total reflectance (ATR) accessory. Sample preparation
of liquid samples is done via drop casting of the dispersion onto the ATR crystal
and evaporation of the solvent. Solid samples are directly placed on top of the
ATR plate. All measurements were carried out with a resolution of 4 cm−1 and 50
cycles.
A.7.5. Thermogravimetric analysis
Thermogravimetric analysis was performed using a TGA/DSC 1 STARe system
from Mettler Toledo. The samples were heated from 25◦C up to 1100◦C under
argon with a heating rate of 5 K/min. All experiments were performed using 70
µl Al2O3 crucibles.
Heat treatment of mesocrystal substrates was done directly on top of the silicon
wafer, where the crystals are located. The substrate was heated up to 200◦C, 350◦C
and 500◦C with a heating rate of 10 K/min and kept at this constant temperature
for 10, 20 or 30 minutes.
The coupled measurements with MS were performed on an STA 409 CD from
Netzsch. The samples were also heated from 25◦C up to 1100◦C and back to 200◦C
with a ramp of 5 K/min and a gas flow of 100 ml/min argon. As sample chamber
a Knudsen cell with Al2O3 crucibles was used.
The TEM grids were sealed in an ampoule with argon and kept for their heat
treatment in a normal oven.
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A.7.6. Mass spectroscopy
The mass spectroscopy is coupled to the TGA STA 409 CD from Netzsch with
skimmer and Quadrupol MS QMG 422 from Pfeiffer Vacuum. The analog scan
was performed from 0-300 amu using ionisation energy of 70 eV.
A.7.7. Dynamic light scattering
All samples and solvents were filtered through Millipore membranes (0.2 µm pore
size) before the measurements. The experiments were done with a DelsaTM Nano
C Particle Analyzer from Beckman Coulter or a Zetasizer Nano-ZS from Malvern
Instruments having a He-Ne laser at a wavelength of 632 nm. The zeta potential
is measured using a DIP cell kit and all DLS experiments are performed using
the backscattering detector. All solvents and samples are thermostated before
measurement for 10-15 minutes to guarantee a constant temperature during mea-
surement.
A.7.8. Transmission electron microscopy
Low-resolution TEM images were carried out on a Libra R 120 and a Libra R 200
MC from Zeiss and a TECNAI T20 from FEI operating at 200 kV. High-resolution
measurements were recorded on a Tecnei F20Cs from FEI with a LaB6 source at
200 kV. Samples for TEM imaging were prepared by drop casting diluted nano-
crystal colloids in toluene or water onto copper grids coated with a thin carbon film
and subsequent evaporation of the solvent. HRTEM experiments on the samples
were carried out at the Special Laboratory Triebenberg for Electron Holography
and High-Resolution Microscopy at the TU Dresden. A field-emission microscope
CM200 FEG/ST-Lorentz (FEI company, Eindhoven, NL) equipped with a Gatan
1x1 k slow-scan CCD camera was used. The analyses of the TEM images were re-
alised by means of the Digital Micrograph software (Gatan, USA). TEM diffraction
and middle resolution images were performed by using a FEI Tecnai 10 electron
microscope (FEI company, Eindhoven, NL) with an LaB6 source at 100 kV. Images
were recorded with a Tietz slow-scan CCD F224HD TVIPS camera (2kx2k pixels,
pixel size 24 mm, digitisation 16 bit) with an active area of 49 mm x 49 mm (Tietz
Video and Image Processing Systems GmbH, Gauting, Germany).
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A.7.9. Scanning electron microscopy
SEM investigations were performed by means of an ESEM FEI Quanta 200 FEGi
system operated in low-vacuum (60 Pa) as well as in high-vacuum mode (2·10−4
Pa) at acceleration voltages between 15-25 kV (FEI company, Eindhoven, NL).
For investigation under high vacuum, the samples were coated by a thin gold layer
(for 30 seconds) in order to obtain a conductive surface. Both, back scattered and
secondary electron images were recorded. Additionally SEM investigations were
recorded using an SEM DSM 982 GEMINI with a field emission gun from Zeiss,
Oberkochen, Germany at 3 kV in order to avoid charging. All measurements on the
supracrystals were performed with the SU8030 from Hitachi with the use of ultra-
high performance, semi-inlens SEM with cold field emission source. Additionally
all EDX measurements were investigated using this SEM.
A.7.10. Powder X-ray Diffraction
Powder X-ray diffraction of quantum dots was performed on a STOE STADI-P
diffractometer using Cu-Kα or Co-Kα radiation in transmittance mode and a PSD
detector and a Ge(111) monochromator. All calculations were done with the help
of WinXPow software.
A.7.11. Small angle X-ray Scattering
SAXS measurements were investigated with the help of a Bruker Nanostar. As
source Cu-Kα radiation in transmittance mode coupled with a Hi-Star detector
was used. The samples are prepared in such a way that only single mesocrystals
and supracrystals were measured.
A.7.12. Single crystal X-ray Diffraction
In order to investigate the orientational order of the nanoparticles within the com-
plete volume of a colloidal nanocrystal assembly, single-crystal XRD measurements
were performed. An octahedrally shaped specimen of the PbS organic mesocrys-
tal was mounted on a glass capillary. The X-ray diffraction images were collected
along [111] of an octahedrally shaped specimen by use of a Rigaku AFC7 & Saturn
724+ CCD Detector with Mo-Kα-radiation (l = 0.71073 Å).
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A.7.13. Focused ion beam cut
For TEM investigations, focused ion beam (FIB) thin cuts of the aggregates were
prepared by means of an FEI Quanta 200 3D dual beam device (FEI company,
Eindhoven, NL). For this purpose, selected particles from an ethanol suspension
were deposited onto a copper half-ring and the selected region was covered with
a protective layer of platinum (thickness 12 mm, acceleration voltage 30 kV, cur-
rent 0.3 nA). After these preparations, the particles were thinned down to electron
transparency (thickness of 100-200 nm) by use of the FIB system at 30 kV accel-
eration voltage. Currents of 30.05 nA were used for the Ga+-beam.
A.7.14. Conductivity measurements
One method for contacting the mesocrystals is by using interdigitated gold-electro-
des with distances below 50 µm and with macroscopic contacts. The mesocrystals
are suspended in a methanol solution to remove some of the surface ligands and
then drop cast from solution on top of the electrodes. Methanol evaporates and
only the mesocrystals are left on top of the gold contacts. To enhance the binding
between crystals and the gold electrode linker molecules were utilised. 25 µmol
1,2-Dithiolethane, 1,6-Dithiolhexane and 1,4- Dithiolbenzene in 5 ml toluene (15
minutes) are used to cover the gold electrode with dithiols.
On a Metrohm Autolab potentiostat/galvanostat PGSTAT 128N cyclic voltamme-
try was carried out. The initial potential was 0 V and the maximum potentials
scanned to are 1 V and -1 V. The scan rate was 0.1 V/s with a potential step of
2.44·10−3V. The contacts and electrodes are realised with thin tungsten wires that
are connected to micrometer screws.
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Diese Dissertation wurde an der Professur für Physikalische Chemie der Fachrich-
tung Chemie & Lebensmittelchemie der Fakultät Mathematik und Naturwissen-
schaften an der Technischen Universität Dresden unter wissenschaftlicher Betreu-
ung von Prof. Dr. rer. nat. habil. Alexander Eychmüller angefertigt. Ich
versichere weiterhin, dass bislang keine Promotionsverfahren stattgefunden haben.
Ich erkenne die Promotionsordnung der Fakultät Mathematik und Naturwissen-
schaften an der Technischen Universität Dresden in der Fassung vom 23.02.2011
an.
Dresden, den
Lydia Bahrig
189
